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FOREWORD 

This work, performed under Contract NAS7-531, w a s  

monitored by M r .  Erns t  M. Cohn, Head, Electrochemical 

Systems, NASA Headquarters, Washington, D.C. , vhoat. s t imu-  

l a t i n g  and he lp fu l  suggestions and observat€ons contr ibuted 

0 

s ign i f t can t l :  ';? ",e ove r -a l l  r e s u l t s .  Other NASA psrsonnel 

who cont r ibu ted  through f r u i t f u l  comments Included Messrs . 
I R. Eoehme, N. TI. Hagedorn, H. McBryar, and H. J. Schwartz. 

M r .  Milton C .  Stone, Technical Coordinator,  Ametek, Tnc., 

Paol i ,  Pa. ,  and M r .  Edwin F. Gregg, Professtonal  Engineer, 

served as consu l t an t s  on t h e  f l u i d i c  c o n t r o l  and valvs  system 

o u t l i n e d  i n  Sect ion 11-3. -4cknowledgments a r e  a l s o  due t o  

D r .  R. M. Hershenson, Ass is tan t  Director ,  Advanced Materials 

Research and Devslopment Laboratory, P r a t t  & W h l  tney A i r c r a f t  

(PWA), North Haven, Conn., who kindly  suppl ied excerpts  from 

a n  i n t e r n a l  PWA r epor t  by Dr .  J. G .  Tschinkel,  and t o  D r .  

Ingmar Lindholm of ASEA, Fuel Cell Research, V;l'ster&s, 

Sweden, who k indly  forwarded a n  unpublished r e p o r t  by D r .  G. 

Eklund. These two r e p o r t s  have served t o  f i l l  i n  the wide 

gaps i n  the published data on the  s o l u b i l i t i e s  of hydrogen 

and oxygen i n  a l k a l i n e  e l e c t r o l y t e s .  
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STTMMARY 

A conceptual des ign  ana lys i s  was performed f o r  the 

purpose of eva lua t ing  the  f e a s i b i l i t y  and advantages of 

a supersa tura ted  feed f u e l  c e l l  (SFFC) based on packing 

r e a c t a n t s  i n t o  e l e c t r o l y t e  s o l u t i o n s  under high pressure 

followed by c i r c u l a t i o n  of the loaded e l e c t r o l y t e s  through 

a p p r o p r i a t e  porous e l ec t rodes .  This study was confined 

to  low temperature a l k a l i n e  &-02 f u e l  c e l l s .  

Ten ta t ive ly  assumed normal opera t ing  condi t ions of 

75 OC a t  10 a t m  system pressure  and "LOO atm r e a c t a n t  sat-  

u r a t i o n  pressures ,  5 M KOH, and 0.25 amp/cm2 apparent  

e l e c t r o d e  area, y i e l d  a predic ted  output  vol tage of a t  

least  1.10 v/cel l  f o r  the SFFC as compared wi th  only  0.90 

v / ce l l  o r  less f o r  gaseous-diffusion type (GDT) or f o r  

r e c e n t l y  considered undersaturated flooded-f low (UFF) 

systems. 

t a i n e d  i n  sp i te  of a r a t h e r  high apparent cu r ren t  d e n s i t y  

because o f :  

This voltage increase  of more than  20% i s  ob- 

a )  a ga in  of 0.10-0.12 v in t h e o r e t i c a l  emf de r iv ing  

from the f ree  energy of expansion of p re s su r i t ed  gases 

(Nerns t p o t e n t i a l )  ; 

b) a reduct ion i n  cathodic a c t i v a t i o n  p o l a r i z a t i o n  

of a t  least  0.10 v der iv ing  f r o m :  

1. increased exchange cur ren t  d e n s i t y  wi th  

increased reactant partial pressure;  

- ii - 



2 higher eva f lable ca t a lys t  area o b t n j  nable 

w i t h  flo3ded-flow electrode B t ructure;  and 

3. b e t t e r  access ib i l i ty  tLnd u t j l j  zat ion of th5 

avai lable  ca t a lys t  area;  and 

c )  reduced anDde concentration w l a r l z a t i o n  and ret!.ic,-d 

o h s i c  losses within tile electrode 5 ts?uctLres again re- 

su l t l ng  from the improved a c c e s s i b i l i t y  of c a t a l l t i c  s! t s s .  

Superior electrode performance may a l so  be expected f roa  

accelerated product and heat renoval from the  ~ c t i v e  s i t e s .  

Reactant and product t ransport  v i a  the c i rcu la t ing  

e l e c t r o l y t e  a l so  increases  the peak Wwer ce,pabilit;; t o  4-c 

times the Yated power. 

The voltage gain of more than 2C$ r e su l t s  i n  a corres- 

ponding increase i n  energy efficiency and hence i n  a propor- 

t i ona te  decrease i n  reactant  and storage tank weights. The 

improved energy eff ic iency a l s o  r e su l t s  i n  decreased hea'u 

generation and hence i n  a decrease of over 3 C $  i n  requlred 

r ad ia to r  weight. This saving together w i t h  the major reduction 

i n  f u e l  c e l l  s tack weight affordec? by the increased cower 

dens i ty  resu l t s  i n  a net  saving of over 20s i n  t o t a l  equipment 

weight. 

w i t h  th,? SFFC regardless of mission length.  

An over-al l  saving of a t  l e a s t  20-30s I s  thus obtained 

Since the yeactpnts snd tanks cons t i tu te  the predominant 

weight i t s m s  I n  longer missions, even s ins11  pcrcentage savings 
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i n  reactant  consumptJon m3 be of importance. 

lncrease I n  energy conversion eff ic iency m y  tSen be 

effected by means of a thermal engine dr4:ven by the h c e t  

generated i n  t F e  f'uei c e i l  react ion.  

emply tske care  of a l l  t h e  accesaDry pumping and preFeurlzatjon 

power requirements which amount to  less than 3% of the fLel 

c e l l  output.  

A 6-15.p 

Such on engine cou ld  

A higher opersting temperature, F;.g., 100-15C OC, 

should r e s u l t  in fu r the r  reauction i n  polar i ta t lon  and 

ohmic l9sses  an8 hence i n  f u r t h e r  weight savlngs. 

addi t ional  so lub i l i t y  data will be required to  ascer ta in  

the  optimum temperature region. 

However, 

Saturation pressures j n  excess of 230 atm, rossibly 

es high as 603 atm, might a l s o  y ie ld  a d d j t i o r s l  advantages. 

However, beyond 600 atm an? m r g i n a l  gains would grobably 

be outweighed b y  increased pressuriza.tion and pumping 

power requirements and increased equipment weight. 

The SFFC system i s  s h x m  to be s tab le  and I.n par t  

s e l f  - regulat ing.  It i s  also readi ly  amenable to  external  

control  by e i t h e r  e lectronic  o r  f l u i d i c  c i r e v i t r g .  I n  

sp i t e  of the required addl t l o n a l  components, the systen: 

a s  a whole appears t o  be simyler, mors rugged, and more 

r e l i a b l e  than GDT systems, ch ief ly  because of SimpPifi- 

cat ions and functionel improvements In  the f u e l  c e l l  stack 

- i v  - 



, ,. 

The negl igible  i*ate of e lectrode dc te r iore t ion  and 

t h e  increased l i re t ime t o  be expected with the  S?FC mcy 

be of s$jec.lal importance i n  long mjssions, 

F u r t h e r  worK should be sjmed f i r s t  of -211 e,t the ex- 

;,eriuental ve r j f j ca t ion  of the expected edvantcges of a 

small SFFC u t l l l  z i n g  convent ion~l  ecce-sorg equi7ment. 

!?Le design, construction, ~ , n d  t e s t ing  of comrc t  srrturat 'on 

chFmbers, putli?S, and controls could thereaf te r  lead t o  tl. 

perfected system. 
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OBJECTIVE 

This r epor t  assesses  the  f e a s l b i l i t y  and advl r tages  

of high-perform:lnce flooded-f low H2-02 f u e l  c e l l s  t7herel.n 

the  required mass and heat t r a n ~ y o r t  t o  and from 3 c t l v e  

e l e c t m d e  s i t e s  would be e f f e c t e d  through c i r c c l o  t i o n  

o f  reactant-superst3 turated e l e c t r o l y t e s .  

a l e c t r o l y t e s  may be expected not on11 t o  overcome the 

d l f f u s l o n  and hza t  t r a n s f s r  l i m j  t a t i o n s  encountaraicl 1.1 t h  

ges- t ! l led e l ec t rodes ,  b u t  a l s o  to  res i : l t  fn h j g h t r  ex- 

change cu r ren t  d e n s i t i e s  and open -c-i r c u i t  voltages, and 

c o n s q u e n t l y  i n  higher  ove r -a l l  energ3 convercion erf'l- 

c iency and i n  reduced p w e r p l s n t  end reac twi t  weights.  

Such c l r c u l a t i n g  

Thjs s tudy i s  conf ined  t o  a l k a l i n e  type f u e l  c e l l s  

ope ra t ing  F t  low 01' moderate temperature. 

I. BACKGROlTND 

1-1. Drawbacks Of Gas-Diffusion Electrodes 

The opera t ion  of present H2-02 f u e l  c e l l  e l e c t m d e s  

i s  dependent on d i s s o l u t i o n  of gaseous r eac t an t s  a t  gas- 

e l e c t r o l y t e  i n t e r f a c e s  wi th in  e l ec t rode  pores followed 

by r e a c t a n t  d i f fus ion  through the  e l e c t r o l y t e  toward 

t h e  a c t i v e  c a t a l y s t  s i t e s  a t  t he  pore walls (1-7).  HOW- 

ever ,  t he  low s o l u b i l i t i e s  and d i f f u s i v i t i e s  of H2 an8 
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being .ill c x c s e s  of IC-' ca; an2 

b) a tendency towards l o c a l  overheet ing i n  the  

a c t i v e  regfons with concoiiii t a n t  deac t iva t ion  of' 

c a t a l y t i c  s j  t e s  (e-IO). 

Such deac t iva t ion  my i n  t u r n  account f o r  o r  cont r ibu te  

t o  the  observed gradual deterior:? t l o n  of ?Gel ct:ll elc 0 -  

t rodes  a f t e r  sev?i,sl I l u n d r d  I - L C I L P ~  a?  Lontinuoils o-rerc -. 

t i o n  (11, 17). 

It may be r e a d i l y  seen thRt  the above d i f f i c u l t i e c  

could be avoided by f i l l i n g  the  e l ec t rode  pores w i t h  c i r -  

- 2 -  



c u l a t i n g  r e a c t a n t - r i c h  e l e c t r o l y t e .  

heat absorp t ion  capac i ty ,  the c i r c u l a t i n g  e l e c t r o l y t e  would 

se rve  t o  c a r r y  t h e  r e a c t a n t s  t o  the c a t a l y t i c  s i tes  and 

remove t h e  r e a c t i o n  products f r o m  the e l e c t r o d e  pores. The 

e f f e c t i v e  i o n i c  conductance along the pore walls would a l s o  

be increased considerably,  s ince no non-conductive gas-fi l led 

spaces would be o b s t r u c t i n g  the cu r ren t  through t h e  z l a c t r o l y t e .  

Neither would t h e  pores have t o  be occluded by non-conductive 

wet-proofing agents .  A much larger f r a c t i o n  of the  a v a i l a b l e  

c a t a l y s t  area can thus be allowed t o  p a r t i c i p a t e  i n  the f u e l  

c e l l  r eac t ions .  

B e s i d e 3  providing increased 

Such a "flow-through" o r  "flooded-flow" %-02 f u e l  

c e l l  system was a l r eady  thought of and t ea t ed  by Bacon 

back i n  1939 (13). Although Bacon's flow-through e lec-  

t rodes  could y i e l d  cu r ren t  dens i t i e s  of up t o  81 ma/cm2 

a t  0.65 v /ce l l ,  they  were abandoned as i n f e r i o r  t o  the  

gas-d i f fus ion  e l ec t rodes  because of apparent  t r anspor t  

rate l i m i t a t i o n s .  The l a t t e r  might be a t t r i b u t e d  to  the 

low s o l u b i l i t y  of gases in KOH so lu t ions  under J3acon's 

ope ra t ing  condi t ions  - 27% KOH s o l u t i o n  a t  240' C and 

1,075 psi .  According t o  data  from seve ra l  sources (14-20) 

plotted i n  Fig. 1, the s o l u b i l i t y  of 5 and O2 i n  27% KOH 

s o l u t i o n  decreases  wi th  increasing temperature a t  the r a t e  

cf aiQul?d 0.5$,D c in t h e  rcrnge betveer?. 210 c end 7 5 O  c .  

- 3 -  
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A similar t rend  i s  exhibi ted a t  higher temppratiire~ f o r  the  

s o l u b i l i t y  of % i n  75-82$ KOH solutions between 170 OC and 

200 OC (Fig.  IC) ,  

27s KOH a t  240 OC should be a t  l eas t  a n  o r d e r  of magnitude 

lower than a t  75 OC, i .e. ,  of the o r d e r  of M a t  1 a t m  

s o l u t e  pressure.  A t  Bacon's maximum pressure of around 75 

a t m  the s o l u b i l i t y  might increase a t  most t o  c i r c a  10-3 M, 

which would s t i l l  r equ i r e  a n  e l e c t r o l y t e  flow rate  of a t  l e a s t  

1 cc-cm'2-sec'1 o r  15 gal/min/ft* f o r  a cu r ren t  d e n s i t y  of 

around 100 amp/ft2. 

f low-through e lec t rodes  i s  therefore  hardly s u r p r i s i n g .  

Hence, t h e  s o l u b i l i t y  of % and O2 i n  

0 

The r e l a t i v e l y  poor performance of Bacon's 

More r e c e n t l y  Meissner and Re t i  (21, 22) experimented 

wi th  a flow-through system a t  room temperature and atmos- 

pher ic  pressure. Ibwever, the low s o l u b i l i t i e s  of H2 and 

32 a t  low o r  moderate pressure would aga in  r equ i r e  inord ina te  

f l o w  rates f o r  high power opera t ion .  

1-3. bw-Temperature High-pressure Flooded-Flow Fue l  Cell  

In a q u i t e  recent  opt imizat ion a n a l y s i s ,  Reti and Sadek 

(23) propose a flooded-flow system ope ra t ing  a t  50 a t m  and 

room temperature (291 OK) t o  373 OK. These condi t ions 

begin t o  approach those se lec ted  i n  the present  study, b u t  

they s t i l l  f a l l  f a r  s h o r t  f r o m  the optimum a r r i v e d  a t  below. 0 
According t o  Fig.  1, t h e  s o l u b i l i t y  of % would 
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exceed 10- 4 M I n  the  rangee of l e s s  thnn 30% KOH a t  less 

t h a n  75 O C  o r  of more t h m  90% KOH 2.t 170 O C  t o  20G OC. 

Moreover, the  solubility of  02 :in 5 M KOH so lu t ions  obeys 

Henry's 1a.w ~p t o  a Pressure of at l e a s t  20 etm (17, 2 4 ) .  

Assuming Henry's l a w  t o  be a .ppmxim.tely va.1l.d up t o  

200 a t m ,  one would expect a t  equi l ibr ium nround C.07 M 

Hz o r  02 i n  5 M KOH s o l u t i o n  a t  75 O C  and 200 atm s o l u t e  

pressure .  under these condl t jons,  the  r eac t an t  concen- 

t r a . t i on  would be a t  l e a s t  30  times hl.gher than i n  Ba.conls 

e a r l y  experiments,  whi.ch cculd yie1.d s t  l e a s t  3C-fold 
highera current  d e n s i t i e s ,  1..e., severaal amp/cmL, 3 e . t  

comparable e l e c t r o l y t e  flow r a t e s .  

Higher r eac t an t  pressixes  would a l s o  y ie ld  hfgher 

output  voltage and hence a h igher  energy conversion e f f l -  

c iency,  wi th  considerable sav!.ngs i n  the ve ights  of 

r e a c t a n t s  and s torage  t a n k s  ( c f .  Sec. IV). These v o l t -  

age and energy gains  a r i s e  rrom: 

a) increased o p e n - c i x u l t  voltage (cf'. Sec. 1-6) ; 

b) decrcased d i f fus ion  po1r:rizetlon lo s ses  ( c f .  Sec 111- 

4.e . i . ) ;  an< 

c )  increased exchangs cu r ren t  d e n s i t i e s  and hence 

reduced a c t i v a t i o n  po1arTzation ( c f .  Sec. I I I -4 .8 . i i . ) .  

E l e c t r o l g t e  sa t l i ra t ion  0.t. high reactant .  pressures may 

t he re fo re  y i e l d  sape r io r  f low-through e lec t rodes  provided 

t h a t  c e r t a i n  object ionable  f e a t u r e s  of high-pressure 
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opzra t ion  be : : t t l  sfu.ctooril3; c.i rcumventcO. 

To have an e n t i r e  f u e l  c c 1 1  3;:stern yrc ; r s t l r lzed  tt.) 

r;ior,? than 1OC a t m  would har6.7.;; bo proct: i  cn.1. , i'lS A s.i z::.bl c: 

p r e s s u r e - r e s i s t a n t  enc losme could  c;.,s.; l y  O ~ J  twcj gh t h e  

sevings  t o  be exsected from j.mproved f u e l  c e l l  >c~?or~rn;;.nc;e. 

However, i t  YT'pears possible t o  onera te  most of' the  

s3-stem a.t moderati- pressure,  e .  g .  , a t  c!romd l? .?.::n~, ,:,n6 

rriei*ely s a t u r a t e  thc  c3 rca ia  t:;.ng electrolytes w i . t l i  the 

r e a c t a n t s  i n  com;act high-pressure chambers. 

a high-preRsure chaniber, t he  e l e c t r o l y t e  hro\j ld 1.nstz.ntly 

bccome supersntura.ted,  and ga:i bubbles would tend t o  

form, b u t  t he  rate of bubble formation cou ld  be kept  

down t o  a small percentage o f  the  r a t e  o f  r eac t an t  con- 

silmptjon a t  the flow-through e l ec t rodes  ( c f .  Sec.  111-5). 

The k t t e r  w o u l d  then y i e l d  the enlwnced perfomonce t o  

be derived f ram :increased r e a c t m t  concentrat ion,  j u s t  

a,s i n  a highly 2ressupized system, i n  s P i t e  of be:ng 

maintained a t  a merely modemte pressure.  

Upon 1eFv ing  

The p o s s i b i l i  t y  of u t i l i z i n g  gas-supersatumted 

e l e c t r o l y t e  i n  flow-through fuel. c e l l  e lec t rodes  i s  the 

key  point of  t h i s  s t u d y .  

The r a p i d  r e l e a s e  of pressure from t he  f l u i d  leaving 
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t h e  s a t u r a t i o n  chamber does not, fntroduce any explosi.on 

hazard,  because the  concentration of  dissolved gases 

must  s t i l l  r e m l n  r a t h e r  s m a l l .  The solul.;:I.itier of 

H2 and 02 i n  5 M KOFI so lu t ion  bejng l e r s  t k p n  2 x 

M at 1 atm pressure ( c f .  F l g .  l), even -pressariza.t.l.on t o  

200  atm could not  r a i s e  t h i s  concentra,tfon much above 

3 x 10-5 mole/cc. 

2nd 1 0  a.tm w o u l d  O c C u F g  a v o l m e  of l e s s  tha.n 11.1 cc .  

Hcnce, even complete d e g e s s l  ng of  the zupzrsatupa tcd 

e l e c t r o l y t e  could n o t  i nc r sas?  the  t c t g l  v o l m e  b l  more 

than 10%. It shou ld  thererarc  be necc:s?a,ry <:nd su?:’l.c! ent. 

t o  provide ~ o a m  f o r  a. I.?,$ v a l ~ x  ex?,?-nsjon vi  t h 2 K  

e l e c t r o l y t e  c i r c u l a t i o n  sgsterr,, c .e .  ., t ~ g  u s j n g  e?;-,anCibl.e 

tubing o r  conta iners ,  t o  preclade any excess nresnurf 

NOW, 3 x 10-5 em-mole of gas s t  75 O C  

bllild-1.i-p. 

According t o  the  well-known Nernst r e L t ? s x ,  t h e  

r e v e r s i b l e  voltage E,,, of a n  112-02 f w l  c e l l  s h o ~ l d  

i .ncrease w i t h  the  respec t ive  p e r t f a l  pressui-e= p and 

pas. a t  t he  e l ec t rode  surpGce? 
E2 

1 
= EO + (ET//F) I n  ( ~ 0 ; i - p ~ ~ ~ ~  

where Eo i s  the  revers ib le  po ten t jn l  s t  mit  reac t an t  

pressures  (1 atm),  R i s  the  gc7s cons tan t ,  T 5 s  thc rb- 

s o l u t e  temperature,  and F i s  n Faradey. F o r  a. 5 M K O E  
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s o l u t i o n  a t  75 OC and DQ = pm = 100 n t m ,  t he  second 

r l g h t - h a n d  term of Eq. (1) amounts t o  approxlmntely 

n.  lC v ,  r,s compared t:: the Eo value of 1.13 v ( 2 r ) .  

For po2 = 
0 . 1 2  v.  

= XI0 p t m ,  t h l s  second term ?mounts t o  

I n  a su9ersaturatcd.  e l e c t r o l y t z ,  t h e  v ~ l u e s  of 

rez and p 

aeymptot lca l lg  w! t h  tirn,, but  t h e i r  In3tant,;neclJs v: l y e e  

aF3r: l eav lng  the ra tur rLt ion  chambers would not dPcrease 

apprec iab l7  as long a s  the gasee rerm!n mostly dj.ssolved 

i n  the e l e c t r o l y t e ,  s ince the p a r t i a l  pressure of a 

s o l u t e  i s  a g p r o x i m t e l y  propor t iona l  t o  i t s  concentre t:on 

i n  accordance w l t h  Henry's law. One may the re fo re  ex- 

pec t  an open-c i rcu i t  voltage ga in  of G.10 t o  3 . 1 2  v Tor 

satclrat ion pressure? af around 200 atm. 

would tend t o  apprasch the  nmbjent prP7z:ire H? 

This gain i n  voltage and hence i n  o v e r - o l l  enfrgy 

conversion e f f i c i e n c y  d e r i v e s  slmply from the  u t i l l  za t ion  

of the f r e e  ensi-gy of  expansion s to red  in a n y  hrgh-pressure 

o r  cryogenic gas supply. ~ r ,  present  f u e l  c e l l  systems 

t h i s  expansion energy i s  wasted i n  the grassure-reducing 

valve.  

In l n a c t i v e  gas-supersaturated e l e c t r o l y t e s  t h i s  

expansion energy vould a l s o  tend t o  be wasted i n  spon- 

taneous bubble formation. However, c i r c u l a t i o n  of the 

supersa tura ted  e l e c t r o l y t e s  through a c t i v e  e lec t rode  
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pares w u l d  channel t h i s  ava i l i lb l s  f r e t .  energy of expansion 

i n t a  u se fu l  e l e c t r i c a l  work. 

A l s o  wasted i n  present systems i s  the  thermal energy 

d i s s i p a t e d  I n  the  f u e l  c e l l  r eac t ion .  Even i n  p p e r f e c t l y  

r e v e r s i b l e  c e l l  the d i f f e rence  between the f r e e  energy 

and the  en tha lp)  of' water formation imhid be e q u i v a l e n t  

t o  around 0.25 F-v/F = 0.25 v .  

rated load,  the  ohrnlc and p o l e r i z a t i o n  lo s ses  a r e  l i k e l ?  

t o  emount t o  c n  addi t iona l  0.17 v even w i t h  the high11 

e f f l c i e n t  s y s t e m  t o  be described i n  Sec. I1 and 111. 

Tota l  hea t  generat ion would then amount t o  mound 0 .42  

v/1.15 v 

e r a t e d  a t  a f u e l  c e l l  temperature of eround 350 OK, would 

be absorbed by surroundings having an e f f e c t i v e  temperature 

of l e s s  than 290 OK ( 2 6 )  and poss ib ly  even a s  low cs 

200 OK ( 2 7 ) .  

bstween 20C OK and 350 OK could conver t  a romd 43% oi 

t h e  absorbed hea t  i n t o  useful work, i t  skiauld be poss ib le ,  

i n  p r inc ip l e ,  to  o b g a i n  add i t iona l  power possibly a p  

proaching as much as 43% x 36% 15s of the  f u e l  c e l l  

ou tpu t .  

I n  c e l l s  opera t ing  a t  

36% OF the  net power output .  This hea t ,  gen- 

Since a r eve r s ib l e  heat engine opera t ing  

Even a 15% e f f i c i ency  gain might u s u a l l y  not  warrant 

the  a d d i t i o n a l  weight and complexity of a heat  engine 

system. However, when m o a t  of the eiements of a h e a t  

engine are a l ready  present or required anyhow, they might 
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j u s t  as well be made t o  yield mcxlrnuin energy ef 'f jciency 

17; thout s t b s t a n t i a l l )  complicat! ng or we.lghtlng down the  

o v e r - a l l  sys t em.  In p a r t i c u l a r ,  i t  may be noted tha t :  

a )  e f f i c i e n t  hea t  exchangers a r e  required anyway 

t o  remove the  heat generated i n  t h e  f u e l  c e l l :  and 

b) a So?l!,r,g o~ zondcnsir;g ~ i q : : i d  prcvides a nost 

e f f i c i e n t  heat exchange f l u i d  (28 ) .  

Furthermore, a bo i l ing  liquid czn also y i e l d  pressurized 

vapor  capable of d r iv ing  a t u r b i n e ,  p i s ton ,  o r  motor 

which could i n  t u r n  d r i v e  the pumps and/or comnressors 

requi red  i n  the e l e c t r o l y t e - c i r c u l e  t i o n  and sa  t u r a t l o n  

system descr ibed i n  Sec. 11. The energy a v z i l a b l e  from 

the  d i s s i p a t e d  hea t  could thus provide not on ly  a l l  the  

requi red  pumping power, but even some excess power t o  

supplement the electrochemical f u e l  c e l l  output, as stown 

i n  Sec. 11-2.c. 
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11. SYSTEM REBUIREMENTS 

The rather simple approach ou t l ined  i n  Sec. I does 

not  seem t o  c a l l  f o r  any undue complexity. Indeed, a de- 

tai led comparison w i t h  e x i s t i n g  complete f u e l  c e l l  systems 

r e v e a l s  s i g n i f i c a n t  s impl i f i ca t ions  and increased relia- 

b i l i t y  r e s u l t i n g  from the supersaturated e l e c t r o l y t e  feed. 

These ga ins  w i l l  be found t o  arise c h i e f l y  from major i m -  

provements i n  the f u e l  c e l l  stack and f r o m  the r e d i s t r l -  

b u t i o n  of e s s e n t i a l  func t ions  among a larger number of simpler  

components, each of whlch is e s p e c i a l l y  s u i t e d  for i t s  r s a u i r e d  

task. The Chief flaws of gas-dfffuslon e l ec t rodes ,  as ou t l tned  

i n  Sec. 1-1, may be related to  those func t ions  For which these 

electrodes are not inherent ly  s u i t e d .  Once r e l i eved  of such 

unnecessary burdens, the f u e l  c e l l  stack i s  enabled t o  develop 

more f u l l y  i t s  electrochemical p o t e n t i a l .  

11-1. E l e c t r o l y t e  Supersaturat ion and C i r c u l a t i o n  System 

The e s s e n t i a l  and a l s o  some op t iona l  components of 

an operable  supe r sa tu ra t ion  and c i r c u l a t i o n  system are 

indicated i n  Fig. 2. Starting f r o m  the right-hand side 

of the flow-diagram, cryogenic % s to red  a t  around 

10 atm i s  fed i n t o  a wel l - Insulated chamber, wherein 
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i t  is compressed to a round  300 atm and I n j e c t e d  

a t  high speed a t  appropriate  interval3 I n t o  an electrolyte- 

s a t u r a t i o n  chamber through a mu1 t i p l  e -0 u t  1 e t  a tom1 ti ng 

nozzle 

I n  order to  minimize t h e  pumping power requirements,  

t h e  l i q u i d  hydrogen i n j e c t i o n  s tep  must be timed i n  

accordance w i t h  the  following cyc le :  

1. 

r e a c t a n t - d e f i c i e n t  e l e c t r o l y t e  is allowed t o  f i l l  

the absorp t ion  chamber a t  t h e  moderate system 

pressure  of around 10 atm. s i g n i f i c a n t  pressure 

different ia l  ac2-088 valves B and C is required I n  

t h l s  step, 

2. Valves B and C are first f u l l y  closed and then 

valve A l a  qu ick ly  opened f o r  a brief time i n t e r v a l  

(1-10 msec) so as t o  allow rapid i n j e c t i o n  of a 

metered volume of l i q u i d  The high pressure 

With valves B and C open and valve A closed, 
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d i f f e r e n t i a l  across  valve A - -  c i r c a  ZOO atm -- 
should be adequate t o  ensure atomizat ion and d l s -  

P e r s d  of f i n e  l i q u i d  H2 drop le t s  throughout the 

absorp t ion  chamber. 

3.  With valves A, B, and C c losed,  t he  f l u i d  confined 

i n  the  absorp t ion  chamber i s  pressurized through 

r a p i d  vapor iza t ion  of t he  l i q u i d  % and i s  f u r t h e r  

compressed hydraul ica l ly  t o  a prezsure  of around 

20C atm. Sa tu ra t ion  o f  the e l e c t r o l y t e  s h o d d  be 

acce le ra t ed  by the  pressure wave: generated i n  

s t e p s  2 and 3 and by the i n s t a b i l i t y  of f f n e  l i q u i d  

€$ drop le t s  dispersed i n  war tn  e l e c t r o l y t e .  

Following s t e p  3, the  sa tu ra t ed  e l e c t r o l y t e  i s  di,sl;loc&d 

by p a r t l y  depleted e l e c t r o l y t e  a3 o u t l i n s d  i n  s t e p  1. 

Af te r  passing through a hydrogen-activit3 sensor  ( t e e  p. 271, the 

enriched e l e c t r o l y t e  i s  d i s t r i b u t e d  among mul t ip le  i n l e t  

l i n e s  and forced  by a multi-channel pump i n t o  the  separate  

Hp-electrode compartments of  the  f u e l - c e l l  s t ack .  

The multi-channel pump may be of t h e  p e r i s t a l t i c  

type  o r  of 

d r i v e n  by a s i n g l e  s h a f t  and which would tend t o  break any 

e l e c t r i c a l  leakage paths through the e l e c t r o l y t e  betwecn 

ser ies-connected c e l l s .  I n  o rde r  t o  prevent such leakage 

pa ths ,  the & - r i c h  e l e c t r o l y t e  leaving the f u e l  c e l l  s t ack  

any o t h e r  va r i e ty  which could be e a s i l y  
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should pass thmuph a a l m i l s r  mi i l t l -channel  mmp. A t  

the  e x i t  from the  l a t t e r  pump the  channel8 may be comblned 

i n t o  a s i n g l e  l i n e  passing through a hydrogen a c t i v f t y  

sensor, water  and heat removal system, and a gas - l lqu fd  

sepa ra t ing  o r  gas-dispers ing f i l t e r  l ead ing  back t o  the 

s a t u r a t i o n  chamber. 

The left-hand a tde  of Fig. 2 o u t l i n e s  an e s s e n t i a l l y  

similar s a t u r a t i o n  and c i r c u l a t i o n  scheme f o r  t he  02- 

enrtched e l e c t r o l y t e .  IQwever, the  water and heat  removal 

system may be dispensed with on t h i s  s ide ,  am the water 

forms on the  hydrogen s i d e  In a l k a l i n e  fuel cells, and 

heat conduction wi th in  the fuel c e l l  s t ack  would ?revent 

excess ive  temperature gradienks 

e l e c t r o d e s .  

even have the  b e n e f i c i a l  e f f e c t  of increas ing  the  exchange 

c u r r e n t  dens i ty  and hence reducing the p o l a r i t a t l o n  a t  

t h e  oxygen e l ec t rode  ( c f  . Sec. 111-4.de) . 

between the  O2 and % 
Any moderate temperature grad ien t  could 

11-2 Easent ia l  Components 

a. Sa tura t ion  Chambers 

Each s a t u r a t i o n  chamber (Fig. ?) is connected d i r e c t l y  t o  

three valves, and is a l s o  ac ted  upon by a p i s ton  a c t i n g  on a 

hydparllic r r i l  sctlng on 8 diaph~agtn~  

tion, the p i s ton  power may be provedeb by a thermal engine, 8s 

proposed In Sec. 1-6. The maximum volume diaplacemant 

I,n_ m l ~ s i o n s  of lanp dura- 



of t h e  P is ton  and diaphragm may utnount t o  only around 

0 . 1  t o  1 cc ( c f .  Sec. 111-3. c . )  . Both the  p i s ton  and 

the  diaphragm can therefore  be f a i r l y  rugged and compact. 

Around 100 o r  200 cc/sec of e l e c t r o l y t e  would have 

t o  be c i r c u l a t e d  through each s e t u r a t i o n  chamber p e r  

i kw power output .  

r a t e s  of between 0.5 and 10  cps and a power output  range 

of between 0 . 5  and 10  kw, around 100 o r  200 cc e l c c t r o l y t e  

would have t o  be sa tu ra t ed  i n  each cyc le .  This would 

r equ i r e  a s a t u r a t i o n  chamber capac i ty  of around 100 o r  

200 cc f o r  a 2-kw powerplant capable of y ie ld ing  a peak 

power of 10 k w ,  i . e . ,  opera t ing  a t  the  r a t e  of 1 cps 

per kw power output .  

Thus ,  i n  a system designed f o r  cycl ing 

The weight of a 100- o r  2 0 0 6 c c  s a t u r a t i o n  chamber 

capable of withstanding around 200 P t m  pressure can be 

r e a d i l y  es t imated from t h e  weights of cu r ren t ly  a v a i l a b l e  

high-pressure conta iners .  Thus, a l 5 O - - ' m l  Monel double- 

connection type sampling cy l inder  r a t e d  f o r  B maxlmum 

ope ra t ing  pressure of 5,000 p s i  (Hoke NO. 4 HDM 150) 

weighs only  14 l b  (29). Hence, a 3,00O--Psi P res su re  

chamber would r equ i r e  a cyl inder  weight of around 3 lb 

w i t h  conventional a l l o y s .  With the s t ronger  a l l o y s  

developed i n  recent  years,  such as the low-carbon chrome- 

molybdenum s t e e i  used f o r  low-weight high-pressure gas 

hanks, t h e  required cyl inder  weight would come c l o s e r  



t o  4 lb/100 cc capac i ty  (30) .  

somewhat m r e  complex geometry of t he  s a t u r a t i o n  chamber 

of F ig .  3, a weight of 1 l b / l O C )  cc capac i ty  w i l l  be 

However, i n  view of t he  

assumed i n  the es t imates  of Sec. IV-1. 

I n  o rde r  t o  e f f e c t  rapid and nee r ly  homogeneous 

dissolution o f  the i n j e c t e d  gas thK)q$oQt t h e  e lec t ro-  

l y t e  volume, a mul t ip le  nozzle arrangement i s  required 

such a3 that shown i n  Fig.  4 .  These mul t ip le  nozzles 

should be d i s t r i b u t e d  uniformly over  a t  least  one complete 

s ide of the s a t u r a t i o n  chamber, as shown i n  Fig.  3.  Once 

t h e  nozzles are properly d i s t r i b u t e d  so as t o  i n j e c t  a 

m f s t  of l i q u i d  H2 o r  O2 drople ts  uniformly dlspersed 

throughout the chamber, it can be e a s i l y  shown t h a t  the  

e q u i l i b r a t i o n  time need not exceed 

The volume r a t i o  of  e l e c t r o l y t e  t o  l iqutbfied r eac t an t  

being of t h e  o rde r  of 1 0 0  cc/O.l cc C 103, 

the p a r t i c l e s  contained in  each d rop le t  would have t o  

t o  lo'* seconds. 

d i f f u s e  t o  an  average maximum d i s t ance  

where F i s  the average droplet  r a d i u s .  Moreover., the  rms 

displacement (d  - 2 3  ) of a p a r t i c l e  by d i f f u s i o n  wi th in  a 

t i m e  t d  i s  $r%bn by (31) 
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where D i s  the  d i f f u s i o n  c o e f f i c i e n t  of a Riven particle species 

w i t h i n  a given medium. 

n e a r l y  complete f o r  

Rqul l lbra t ion  might be considered as 

as the average p a r t i c l e  would by then have d i f f u s e d  through the 

maximum required d i s t ance .  Eqs  ( 2 )  through ( 4 )  thus y i e ld  an  

e q u i l i b r a t i o n  tlme 

teq (lOF)*/2D 

Thus, for D 2 

S u f f i c i e n t l y  rapid e q u i l i b r a t i o n  should the re fo re  be achievable  

w i t h  nozzles yielding a n  average d r o p l e t  r ad ius  of 1 micron. 

cm2-sec-' and 'i; cm, t e q c  9.005 sec .  

The above rapid homogenlzation and s a t u r a t i o n  approach 

may be ak in  t o  that u t i l i z e d  i n  seve ra l  widely used rap id  

u l t r a s o n i c  emul s i f i e r s  which also a c t  via i n j e c t i o n  of l i q u i d s  

through nozzles a t  high pressures (32).  Moreover, the present  

homogenization process i s  g r e a t l y  f a c i l i t a t e d  by the i n s t a b i l i t y  

of l i q u i d  % or O2 drop le t s  in hot  aquaous so lu t ions .  This 

i n s t a b i l i t y  should counteract or e l imina te  the u s u a l  i n t e r -  

f a c i a l  barriers t o  the mixing of  d i f f e r e n t  f l u i d  phases. 

b. F u e l  Cell Stack 

i. Electrode Conf'ieuration. The e l ec t rode  conf igura t ion  
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i n  R s i n g l e  c e l l  i s  shown schematically i n  F i g ,  5 ,  

The anodic E;nd cathodic e l e c t r o l y t e  streams are separated 

by a microporous hydrophilic matrix which pernllts i on  

t r a n s p o r t  by  conduction b u t  impedes convective mixing 

of the streams. I n  o r d e r  t o  minimize such rnlxing, the  

micmgores wi th in  the  separa tor  m R % r i x  should be a t  l e a s t  

an  order  of magnitude smaller than those i n  the  porous 

e l e c t r o d e s ,  i . e . ,  around 0 .1  micron o r  l e s s .  Moreover, 

i n  o r d e r  t o  d i s t r i b u t e  the  flow about uniformly through 

t h e  e l ec t rode  pores end yet avoid excessive p res su re  

drops,  narrow b a f f l e d  channels a r e  provided t a t  the  

back and f r o n t  of each e lec t rode .  

For minlmum pumping requirements only t h r e e  b a f f l e s  

are required per  e l ec t rode  -- two placed near  the  ends 

on one side of each e lec t rode  and one placed midways on 

the opposi te  s i d e .  The e l e c t r o l y t e  i s  then forced t o  

flow near ly  perpenaicular ly  t o  the  f ace  of each e l ec t rode ,  

e n t e r i n g  from the back of the e lec t rode  on one side of 

t h e  c e n t r a l  baffle and then re -en ter ing  f r o n t a l l y  through 

the o t h e r  half of the apparent e l ec t rode  a rea .  The e lec-  

t r o l y t e  m u s t  t h u a  pass through two e l ec t rode  thicknesses .  

The channel o r  gap w i d t h s  Lg between the inne r  e l ec -  

trode sur faces  and the separa tor  matrix o r  between the  

back sur faces  and the ou te r  c e l l  wal l s  need not exceed 
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0 .01  cm, whlch j s amy;lc to  perm3 t nedidij f r e e  flow along-  

s5de the  S I 3 C t i O C 7 C  surfaces ,  Lkle meam pore diameter with-  

i n  the  e lec t rodes  being around 100 times smaller  

I n  o rde r  t o  maintain L constant over  t he  e n t l r e  a c t l v e  

area,  t h e  e lec t rodes  m u s t  be covered on both siUes by 

mul t ip l e  0 .01  cm th i ck  d i sc s  of s u f f i c i e n t l y  small d i a -  

meter t o  const!tute no obs t ruc t ion  t o  e l e c t r o l y t e  flow. 

The d i s c s  a t tached  t o  the inward sur feces  may be non- 

conductive,  so as t o  prevent any e l e c t r i c a l  sho r t ing  

through flaws i n  t h e  aeperator  mat r ix  , whereas the o u t e r  

d i s c s  may be me ta l l i c  so 8 3  t o  provide e l e c t r i c a l  contact  

t o  cu r ren t  c o l l e c t o r s  a t  the c e l l  wal l s .  

cm). 

8 

The c e l l  wal l  mag cons i s t  of a s i n g l e  s o l i d  n i cke l  

shee t  around 0 .02  ern th i ck ,  shared w i t h  and providing 

e l e c t r i c a l  contac t  t o  an adjacent c e l l  i n  a b ipo la r  

e l e c t r o d e  type of  series-connection, i n  which case the 

wall thickness  a t t r i b u t a b l e  t o  a s i n g l e  c e l l  would be 

o n l y  ks e 0 .01  cm. Al te rna te ly ,  the me te l l i c  cur ren t -  

c o l l e c t i n g  sheet  may have to be in su la t ed  f r o m  t he  next 

c e l l  i n  order t o  allow a p a r a l l e l  c e l l  connection, i n  

which case the  s ing le  cell w a l l  thickness  would have t o  

be a t  l e a s t  hPf 0.02 cm. 

Thus, w i t h  a cathode thickness  Lc C 0.01  cm, anode 

th ickness  La 0.0025 cm, sepa ra to r  thickness  Ls 0.04  cm, 

and a l t e r n a t i n g  p a r a l l e l  and s e r i e s  connections between 
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growth on o t h e r s .  It may the re fo re  be prei'ereble t o  

sepa ra t e  the e l e c t r o l y t e  l i n e s  by r e s o r t i n g  t o  a m u l t i -  

channel pump, as proposed e a r l i e r  ( c f .  Sec 11-1 and F ig .  2 ) .  

A 3 5 - v o i t  s t a c k  (comprising 3 0  c e i i - p a i m  a t  i.i5 

v o l t / c e l l )  would then requi re  60 i n l e t s  and 6 G  o u t l e t s ,  

ad j acen t  c e l l s ,  t he  t o t a l  c e l l  thicknes?,  LT becomes 

T h u s ,  w i th  pairs o f  c e l l s  connccteC i n  p p r a l l e l ,  r 

30-pa i r  f u e l  c e l l  s t a c k  would have R t o t a l  thicknezs O f  

3 C  x 2 x 0.123 cm " 7 . 4  cm, 

excluding the  end p l a t e s .  

i i .  

e l e c t r o l y t e .  To minimize leakage cur ren ts  through the 

e l e c t r o l y t e  between series-connected c e l l s  one may e i t h e r  

r e s o r t  t o  s p e c i a l  manifJlding, a s  has been prac t iced  v i t h  

one type of Zn-air  b a t t e r y  (33) and 2,s was also propoacd 

by Reti  and Sadelc ( 2 3 ) .  

vantage of s implifying the  pumping system and t h e  e l e c t r o -  

l y t e  connections t o  the  c e l l  s t ack .  However, e v m  small  

leakage cu r ren t s  a t  voltage d i f fe rences  of more than 

3 v rne.3- cause slow e lec t rode  d e t e r i o r a t i o n  through de-  

p l a t i n g  of  metal from 3ome e lec t rodes  and d e n d r i t i c  

Prevention of e l e c t r i c a l  lenkege p t h s  through t h c  

Thl.8 approach may have the  e,d- 
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half f o r  the  % - r i c h  m d  half f o r  t h e  On-r ich e l e c t r o l y t e s .  

To avoid crowding of channels,  the b a f f l e s  on the anodes 

and cathodes should not be p a r a l l e l  to  each o the r ,  r:s 

suggested i n  the  schematic drawing o f  F I R .  5 ,  but should  

rather4 form two perpendicular s e t s .  The Rnodic e l e c t r o -  

l y t e  flow across  each c e l l  could t h u s  proceed from l e f t  

t o  r i g h t ,  while the cathodic T l o w  proceeds from top t o  

bottom ( o r  t he  o t h e r  way around).   he appropr ia te  I n l e t  

and o u t l e t  channels could then be arrmnged arproximate lg  

a longs ide  (but not along the f u l l  l ength  o f )  the reFFec- 

t i v e  b a f f l e s .  With each i n l e t  feeding one c e l l - p a i r  

around 0 . 2 5  cm th i ck ,  and with the i n l e t s  and o u t l e t 2  d i s .  

posed p a r t w a y  along 4 c e l l  s i d e s ,  excessive crowding o f  

channels i s  e a s i l y  evolded. 

iii. S ize  and weight o f  f u e l  c e l l  s t ack .  AS shown i n  

Sec.  111-4, the  a c t i v e  f u e l  c e l l  volume and weight need 

n o t  exceed 45rJ cm3/kw and 3.7 l b h ,  r e spec t ive ly .  How- 

eve r ,  when provis ion I s  made f o r  edges,  gaske ts ,  and end 

p l a t e s ,  these values may double. Thus,  R 5-kw f u e l  c e l l  

s t a c k  would have a t o t a l  volume of around 4,gCO cm3 ( e . g . ,  

1 0  cm x 18 cm x 25 cm) and t o t a l  weight of around 27 l b .  

c .  Water and Heat Removal System 

AS found i n  Sec.  1-6, the ra te  of hee t  generat ion 

- 21 - 



would amount t o  around 36% of the f u e l  c e l l  power even 

a t  1.15 v /ce l l .  

amount t o  0.47 v/1.10 v 

water would be produced a t  the  rate of 

A t  1.10 v/cell  the heat production would 

43% of power output .  I n  add i t ion ,  

-l,h-l 9 am x 103 v-coul/sec/Iw N 0.087 gm-sec 
1.1 v x 96,500 caul  

The l a t e n t  heat of vaporizat ion of water being 540 

cal/gm, around 46 cal /sec 5 190 watts must be c a r r i e d  away 

by water vapor t r a n s p i r i n g  through semi-permeable membranes. 

The remaining heat, amounting t o  (430-190) w/lkw, is  t o  be 

removed by a heat exchanger. 

Since the rate of %-rich e l e c t r o l y t e  flow i s  around 

200 crn3/sec/kw (c f  . See . 111-3 .c. 1. ) , the temperature 

r ise  wi th in  the e l e c t r o l y t e  leaving the anodes would amount 

t o  only around 3 OC. 
c u r r e n t  and o t h e r  types of heat exchangers may t he re fo re  be 

n e g l i g i b l e .  Nevertheless,  t o  maintain a proper water 

balance i t  appears p re fe rab le  t o  b r i n g  the heat exchange 

f l u i d  up t o  around 65 O - 7 0  OC, i n  a counter-current  ar-  

rangement and then allow the water t o  condense on the 

heat exchanger walls a t  around 68 OC, so as t o  o b t a i n  a n  

approximate water vapor pressure equi l ibr ium w i t h  the 

5 M KOH e l e c t r o l y t e  a t  75 OC. This water removal and 

e l e c t r o l y t e  composition cont ro l  method i s  modelled a f te r  

The d i f f e rence  between counter- 

0 
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the  w e l l  known "osmotic s t i l l "  (34 ) .  

TO provide e f f i c i e n t  heat t r a n s f e r  8s wel l  as thermal 

engine power the  hea t  exchange f l u i d  should be 1.n the form 

of vapor- l iquid mixtures  a t  both i t s  warm and cold ends.  

A s u i t a b l e  Freon composition should be u s a b l e  for these 

requirements.  

t he  hea t  absorbed f r o m  t he  e l e c t r o l y t e  and condensing 

water  r e s u l t s  i n  vaporizat ion and pressure bui ld-up i n  the 

Freon mixture.  Expansion of t he  compressed vapor through 

a p i s ton  o r  t u rb ine  then y i e lds  therma.1 engine power and 

a l s o  e f f e c t s  p a r t i a l  cooling of the vapor, e . g . ,  t o  a.round 

290 OK. 

ator f a c i n g  the  dark side of the  sky, and the cool  con- 

densate  i s  pumped back t o  the w a r m  hea t  exchanger. 

On the  warm s i d e ,  a t  around 67 OC o r  340 OK, 

The cool low-pressure vapor condenses i n  ir radi-  

This e n t i r e  ope ra t ion  represents  t he  reverse  of a 

s tandard  r e f r i g e r a t i o n  cycle (35).  The t h e o r e t i c a l  engine 

e f f i c i e n c y  under these  conditlons should be around 50 

OK/340 OK c' 14%. 
of 0 . 1 4  x 430 w/kw y 6 0  w / h .  

The engine could thus d e l i v e r  a ma.x_imum 

Since the  t o t a l  p a r a s i t i c  power requrrements should 

amount t o  l e s s  than 30 W . / h  ( c f .  Sec. 111-3) some excess 

heat engine power may be ava i l ab le  for the  performance of 

e x t r a  t a sks ,  e.g., t o  compress t h e  bo i l -o f f  from cryogenic 

s t o r a g e  tanks o r  t o  produce s a t u r a t i o n  chamber pressures  

exceeding 200 atm. 
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11-3. Accessory Components 

Many va r i an t s  of t h e  pumping and pressuriz8.t  ion system, 

con t ro l  system, and o t h e r  accesso r i e s  not  e l ready discussed 

appepr t o  be f m s i b l e  and perhaps equal-ly accepta,ble de- 

pending on s p e c i f i c  missiofi  requirements.  he fol . l .mizg 

examples must  therefore  be regarded a s  merely Eugeertjve 

o r  i l l u s t r a t i v e  of some of t h e  many opt ions  a v a i l a b l e  

t a  p r o f i c i e n t  designers .  

a .  Pumps end Pressurizing Devlcea 

With the  wide va r i e ty  of r v a i l a b l e  punps,  compreesors, 

end pressure boosters  (36, 37) there  i? plcnty Df :worn 

f o r  f l e x i b i l i t 7  i n  system design.  

A r e  i nd ica t ed  i n  Fig.  2 ,  only one o r  ttro custom-built  

u n i t s  could take ca,re o r  r l l  the requirements. E E . ,  

the? msdium-pressure pump(s) required for :  c l s c t r o l y t e  (11 T- 

c u l a t i o n  could a l s o  e r f e c t  t h e  compression of the  cryo- 

genic  r e a c t a n t s  and of t he  s a t u r a t i o n  chanbei-e via such 

hxdraul ic  pressure-boosting devices  as a raLn-zC2->l s ton  

o r  mul t ip le  diaphragm (37). 

P e r m i t  smoother continuous opera t ion ,  as pumpjng of  t h e  

e l e c t r o l y t e  could then be z l l o w ~ d  t o  proceed by divers jon  

Although seve ra l  p u m w  

Sucli an s p p r o e c h  would a l s o  

of thc ~ l e c t m l y t e  in to  the  preceure  bzzster(s) d u r i ~ g  

those  time j n t e r v a l s  when the s a t u r a t i o n  chamber ! s  c l ~ z e c ?  

O f f .  



0 

' 0  

Although E; p e r i s t c l t i c  t 3 - p  of r n G . l t l  chccns l  pv.rn? 

m 3  e w g n r t e d  e n r l i c r  (Sccs . T I - 1  .7nd IT-2.3. I 3 . . )  n n  i: 

means of prevent lng  l eokogs  cvrrentc  thr9i:gh t h e  c l r c t r o -  

l p t c ,  the ? m e  purpose could be a.ch:evcc! v j t h  n s y c i . - l l y  

designed r o t a r y  pump heving :: cDKpsr tne> t? l l z sd  l m z e l l e r  

and m u l t i p l e  i n l e t s  o r  o u t l e t s  f e c l n g  d:fl"erent comFd.rt- 

meats. E.g .  , a r e g e n e r a t i v e  p!i.ap with 8. t w b i n e  re::~..mbl-lr~g 

2 honeycomb, and c l o s e  cl?;:,r,-inC,c:;s b e t w e e n  thE is~pc:l ' l ~ r  

and the casing, as d.r;:-ci.?bed 2nd - I l l -Js t t*:_jhed i n  x;?. 3 L  

( ? p .  213-9, F i g .  5 - 2 4 ) ,  my be ideHl ly  eii:tF;d Tola th;s 

PilPpOS e .  

I t  might e l s o  pr>ove possible t o  t!,dFpt e r36iF:l > ;s ton  

t y g e  o r  pump. Such purnya &re highly ab!:,ractivc i n  terms 

of perform:>nce c a p a b i l i t i e z ,  ruggedness, an2 comFectnees. 

E . g . ,  R b a l l - s h a p e d  plston t y p  d e s c r i b e d  -in r e f .  37 

(pp .  37-8 and 62) has a power t o  weight m t t a  of  2 h-,/lb 

and pc-rforms e q u a l l y  well F ~ S  3. vEiS3.Eble-Fpeed motor end 

as  a hj..gh-capac:ty pump. 

b.  S t a r t - U p  and C o n t r o l  ~ y s t e m  

i .  Stsrt-Ep. The priming r e q u i r e d  t o  s u p p l y  r e a c t a n t s  

t o  t h e  f u e l  c e l l  s t a c k  could be e f f e c t e d  (:lect?i.c;allg, 

hydraulically, o r  v i a  an e l e c t r o n j c  o r  fluidic signal. 

a c t u a t i n g  an e l e c t r i c  o r  hydrz'cllic motor .  If' t h e  con-. 

tinuous puinping power is to d e r i v e  from t h c  ::i3rme.1 
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engine,  as  suggested i n  Secs. 1-6 3rd TI-?c . ,  then 

a hydraul ic  motor d r t v e n  d i r e c t l y  by the theitma1 

engine wohld. seem supeiaior to  p,n o l c c t r l c a l  one.  Z i l ch  

e motor c o u l d  be i n i t i a l l y  dr iven by expjnslcjn of ~ ~ : ~ P : O I L F  

r e a c t a n t s  drHwn f porn the s t o m g e  t,cnks . 
be no need f o r  m y  a u x i l i a r y  e l e c t r i c e l  power 5ui ;ply 

even a t  s t a r t - u p .  A simpls f l u i d i c  c:irsciii t mainta.l.ned 

by r eac t an t  boi l -off  could actfiicte a pr j t r?ng valve i n i  - 

t j a t i n g  ga.seous flow t;hr.oilgh the IiydreiAI; cI m t o r .  Cnc .;i 

the fclel c a l l  J t a c k  has been supplied w i t h  r eac t an t s  

and b s  reached i t s  proper opemt ing  temper ,? , t~re ,  a 

vol tage signal can ac tua te  a d i v z r t i n g  v e l v e  -Lo bine tk4c 

thermal engine i n t o  ac t ion .  

;I'.Z.l:re may t,hi;s 

. 

Alterna te ly ,  when an a u x i l i a r y  e l e c t r i c  power source 

1.s a v a i l a b l e  anyhow, conventional e l e c t r i c a l  s t a r t - u p  

might be preferab le .  Since the rnaxiiniin: paras3 t2.c Power 

requirements a t  f i l l1  load would be l e s s  thr-.r, 35 ai' DatpLt 

power ( c f .  Sec. III-~), B 10- t o  3 C - - w a t t  power zo'urce 

h o u l d  be adequate f o r  priming purposes. 

3 . j .  B u i l t - i n  versus ex terna l  se rvo-cont ro ls .  The thermal 

engine may provide a b u i l t - i n  servo-cont ro l ,  s ince  the  

heat generated w i l l  be roughly proport ional  t o  the power 

output  and will increase  with increas ing  po la r i za t ion ,  snd 

an increase  i n  the r e t e  of r eac t an t  su.pply i n  propor t ion  

w i t h  the available thermal power would tend t o  reduce 
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po la r i za t lon  and thereby- moderate the hea t  genera t ion .  

However, such a con t ro l  method may be too s lugg i sh  For 

some requirements. A p o s i t i v e  computer-logic t l p e  of  

con t ro l  mechanism may the re fo re  be p re fe rab le .  h'ever- 

t h e l e s s ,  the  inherent  servo-control  f e a t u r e  a s soc ia t ed  

w i t h  a thermal engine migh t  make t he  l a t t e r  a t t r e c t i v e  

f rotii the  r e l i a b i l i t y  viewpoint. 

The ex te rna l  cont ro l  s i g n a l s  m y  d-?r - fvc  f r o m  ~i 

f u e l  c e l l  vol tage sensor,  from reac tan t  e c t i v i t y  sensors ,  

o r  from both,  depencing on the  redundsnce required t o  

ensure adequate r e l i a b i l i t y .  

may c o n s i s t  slmply of miniatur ized f u e l  c e l l s  w i t h  

small-area anodes f a c i n g  large;. cathodes o r  vice verzg, 

w i t h  t he  cur ren t  d e n s i t y  and/or degree of p o l a r i z e t i o n  

a t  the smaller e l e c t r o d e  providing a measure of the 

r e a c t a n t  concentrat ion i n  t h e  t e s t e d  e l e c t r o l y t e .  

The r eac t an t  a c t i v i t y  sensorz 

iil. Control System. Flow proportioning, sequencing, and 

adjustment t o  var iab le  loads can be accomplished using 

f l u i d i c  o r  e l e c t r o n i c  cont ro l .  

Since the optimum reac tan t  feeding rote  would be 

approximately proportional t o  the power output ,  the 

s a t u r a t i o n  cycle  frequency should be var ied accordingly.  

Such frequency cont ro l  can be e f f ec t ed  by 8 primary 

f l u i d i c  device system u t i l i z i n g  a brushless  motor dr iven  
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by a var iab le  frequency o s c i l l e  t o r .  The aPPmPria te  

con t ro l  s i g n a l ,  which may der ive  from a f u e l  c e l l  vol tage 

Sensor and/or f r o m  the r eac t an t  a c t i v i t y  sensors ad jus t s  

the o s c i l l a t o r i  frequency. 

a vane which i n t e r r u p t s  o r  e s t a b l i s h e s  a 

t o  or i n  oppos i t ion  t o  an opera t ion .  

The brushless  motor r o t & t e s  

f l u i d i c  path 

The f l u i d i c  switching l o g i c  i s  q u i t e  simple. 

a t  the anodic loop  (Fig.  2 ) ,  one may s t a r t  wi th  valves 

B and C open. 

enough H2 i s  f e d  t o  the f u e l  c e l l  ste-ck.  

the H2 s c t i v i t y  on the  i n l e t  s i d e  of the  s tack remains 

high, valves B and C s t a y  open. 

i n  the l i q u i d  leav ing  valve C falls below a p re - se t  

value,  valves B and C a r e  c losed.  A delay ensues and 

A opens, s q u i r t s  a metered volume of l i q u i d  H2 i n t o  the 

s a t u r a t i o n  chamber, and then c loses  immediately. Af te r  

Looking 

The H2 a c t i v i t y  sensor  t e s t s  whether 

As long as 

When the  H2 a c t i v i t y  

R f u r t h e r  de lay  the pressur iz ing  p i s t o n D  i s  allowed t o  

proceed i n  t h e  forward (compressive) s t roke .  Af te r  another  

de lay ,  valves B and C a r e  opened, p i s ton  D i s  rever ted ,  

and the cycle  i s  repeated. 

The above approach i s  on ly  one of many possible  ways 

Of' providing adequate reac tan t  feed con t ro l .  

c .  Gas-Separating o r  Dispersing Filter 

AS shown i n  Sec. 111-5, the rate of degassing of 
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t h e  supersa turs ted  e l e c t r o l y t e  can be made n e g l i g i b l e  i n  

comparjson w i t h  t he  r a t e  of r e a c t a n t  consumption by 

u s e  of c lean and f u l l y  wetted l y o p h i l i c  materials wi th in  

the  e n t i r e  e l e c t r o l y t e  c i r c u l a t i o n  system. 

small amount of gas evolved i n  a normal opera t ing  cycle  

could the re fo re  be recompressed End redissolved Ln the  

e l e c t r o l y t e  during the p re s su r i za t ion  s t e p .  

i n  o rde r  t o  e f f e c t  more complete r ed i s so lu t ion ,  t he  gas 

should be preferab ly  broken up  i n t o  microscopic bubbles. 

This could be e f f e c t e d  by a gas-dispers ing f i l t e r  placed 

n e a r  the e n t r y  t o  the  sa tu ra t ion  chamber. 

The r e l a t i v e l y  

However, 

A l t e rna te ly ,  t h e  gas may be allowed t o  t r a n s p i r e  

through s e l e c t i v e l y  permeable membranes and be f ed  t o  

an a u x i l i a r y  gas-d i f fus ion  ty>e of f u e l  c e l l ,  

Gas-separation o r  venting means mag also have to  kc 

Provided a t  the  i n l e t s  t o  each fuel c e l l  e l ec t rode  t o  prevent 

clogging by evolved gas. Al te rna te ly ,  each e l ec t rode  may 

inc lude  h ighly  gas-permeable areas (p re fe reb ly  adjacent  

t o  each of t he  b a f f l e s )  through which any t r a g p d  gas would 

be eu tomat ics l ly  purged w i t h  continued e l e c t r o l y t e  c i r c u l a t t o n .  
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111. DESIGN CALCULATIONS 

111-1. E l e c t r o l y t e  Property Deta and Choice of Compos1 tl.on 
and Operating Temperature 

a.  S o l u b i l i t i e s  of H2 and o2 

The s o l u b i l i t i e s  of H2 and O2 s t  1 a t m  prossurc 

and various temperatures a r e  shown i n  F j g .  1 a s  funcbions 

of KOH concentrat ion.  The s o l u b i l i t y  of  H2 decrea:;es 

w i t h  KOH content up t o  around 5G weight-$ KOH and i n -  

creases aga in  i n  the  range of 70-1005 KOH. The r o l u -  

b i l i t y  of 02 fol lows a similar t rend,  a t  l e a s t  E? t o  

a romd 50% KOH. 

F O P  concentrations of u p  t o  30% KOH, the decren.se 

i n  s o l u b i l i t y  corresponding t o  a temperature increnzc, 

from 25 " C  t o  75 OC amounts t o  less t han  20% For  h:rdrogc?n 

and l e s s  than 40s f o r  oxygen. 

t h i s  dscresrse may amount to  l e s s  than 15% t o r  bo th  tzsser. 

A t  75 O C  the s o l u b i l i t i e s  of H2 and 02 i n  5 M KOH o re  

about 1 . 7  x M and 1 . 8  x M, r e spec t ive ly .  

For  5 M ( 2 3  wt-$) KOH, 

With increas ing  pressure the s o l x b i l i t y  appears t o  

0 fol low Henry's l a w ,  a t  l e a s t  i n  the  case Of O2 I.n 5 M 

KOH a t  25 O C  and 2-10 atm (17, 24). 
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b.  E l e c t r i c a l  Conductivl t y  

A t  18 O C ,  t he  e lectr ic8.1 conduct iv i ty  of KOH 

so lu t ions  renches a maximum v a l u e  of about 0 .54  ohm-l- 

cm’l a t  around 25s KOH (38). 

s h o ~ l d  increase  wi th  temperature roughiy i n  inverse  ?ro- 

po r t ion  t o  the  v i s c o s i t y  o f  water  (39).  

f o r e  expect t he  conduct ivi ty  of 5 M KOH a t  75 ‘C t o  be 

around 1 . 5  ohtn-’-cm-’. However, the measured value i r  

c l o s e r  t o  1.1 ohm-l-ctn-l ( 4 0 ) .  

Th3.s maximum conduct;vity 

One would the re -  

e .  Di f fus iv l tLes  9f H9 .znd O r  

The respec t ive  d i f fus ion  c o e f f i c i e n t s  of H2 and 0- 
d 

i n  5 M KOH are approximately DR2 

a t  30 OC (19) and D 

 gain assuming roughly inverse p ropor t iona l i t y  of s o l u t e  

mobi l i ty  t o  so lvent  v i s c o s i t y  (39), one obta ins  f o r  75 OC 

1 . 4  x 10-5 cm2/sec 

e 0.86 x ctn2/sec a t  25 OC (16 ) .  02 

i n  5 M KOH D H ~  c’ 3.1 x 

cm2/sec. 

crn2/sec and Do2 2 . 1  x lC-5 

d .  Compressibil i ty of 5 M KOH Solut ion 

The compress ib i l i t i es  of aqueous e l e c t r o l y t e s  are P 
given  by the  r e l a t i o n  

3/2 (3 = g o  + Ac + Bc 
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where 4 
molar i ty ,  and t h e  constants p. and B h a w  the  foll.owlng 

v d u e s  f o r  s eve ra l  e l e c t r o l y t e s  a t  25 OC and 1 atm ( 4 1 )  : 

i s  the  compress ib i l i ty  of pure water ,  c i s  the \ o  

E l e c t r o l y t e  

LiCl 

N a C 1  

K C 1  

L i O H  

Na OH 

A X lo6 B x l o 6  
-4.97 0 - 8 4  

-5 91 1 . 0 4  

-5.73 1.13 

-7.52 I.. gG 

-8.59 1.90 

From the  d i f f e r e n t i a l  cont r ibu t ions  of K+ and OH- 

ions  one can est imate  the values A -8.4 x and 

B 2.0 x 10-6 f o r  KOH. Furthermore, Po e 45 10-6 

a t  25 OC and 1 atm. 

5 M KOH s o l u t i o n  a t  25 OC and 1 atrn should be approxi- 

mately 25 atm-1. 

Hence, t he  compreEsibil i ty of o 

The value of Po a t  75 O C  and around 1 G C  atm i s  ap- 

proximately the same as R t  25 O C  and 1 a t m  (38). Iisnce, 

t h e  value 25 x atrn-' w i l l  be assumed t o  remaln 

also va l id  under these  condi t ions.  

e .  Choice of E l e c t r o l y t e  Composition and Temperature 

I n  v iew of the r e l a t i v e l y  small decrease i n  reac-  

t a n t  s o l u b i l i t y  w i t h  increasing temperature between 
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room temperature and 75 OC, t he  l e t t e r  tempercture hss 

been t e n t s t i v e l y  s e l e c t e d  Fo:, fuel. c e l l  opera t ion .  

h igher  tempereture, e.g., 100 OC o r  even higher ,  rnlzht 

prove t o  be p re fe rab le  when a d d i t i o n a l  property data  

are  obta-ined f o r  the  temperature range above 75 OC. 

A 

I n  view of t h e  power densit2T l i m i t  1mposed by t h e  

ohmic l o s s e s  through t h e  e l e c t r o l y t e  ( c f .  Sec. III-Q), 

t h e  optimum composition appea r s  t o  be near  t he  r e s i s -  

t L v i t y  minimum, €.e. ,  5 M ( o r  23%) KOH. 

111-2. Reactent Property Data. and Cholce of Prcssure Cond: tzons 

a .  Speclf!.c vclumes of  H2 and 02 

The d e n s i t i e s  of l i q u i d  H2 and a,, near t h e l r  boiling 
L 

poln ts  ( -252 0 C and -183 O c )  a r e  0.071 gm/cc and 1 . 1 4  

grn/cc, respect2vsly (38) . 
vol.umes a r e  therefore  1 4 . 1  cc/gm o r  28.: cc/mole H2 

and C.88 cc/gm o r  28.0 cc/mD,le 02. 

Tke corresponding s p e c i f i c  

A t  75 O C  and 200 a t m  the a v a i l a b l e  compress ib i l i ty  

data ( r e f .  35, pp. 488-495) y i e l d  Fpeciflc: volunes of 

158 cc/mole H2 and 141 cc/mole 02 .  

b.  Choice of Operating Freesures 

-4 m p x i m m  pressure C? 200 a t m  i n  each s a t u r a t i o n  
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The power r e q u i r e d  f o r  l i q u i d  r e s c t a n t  pumping I s  

given by APAV/At, where AF 

around 28 cc-mole-' x 4.7  x 

cc H2;Sec plus  around 0.07 cc 02/sec pe r  kw power 

200 e t m  rnd AV/Llt is 

mole R;/sec= C.13 

chamber has been t e n t a t i v e l y  sele,cted n s  fin accfiptable 

comproml se velue y i e l d i n g  enhanced f u e l  c e l l  performance 

and e f f i c i e n c y  without undw penalty in ten-.? of pere-  

s l  t i c  power and/or equipment weight regulrernsnts. 

A modsrate pressure of gronnd I(! : ? t , ~  k c .  beer, t e n -  

t a t i v e l y  s e l e c t e d  f o r  the remainder of the e l c c t r o l g t e  

c i r c u l a t i o n  s y 3  tern. 

111-3. ComprePsor a.nd Pumping Power Reqal rec;enta 

8 .  Rate of' Reactant Consum7t;on 

A t  an rverage output of 1 kw a t  1.1 v/ccY-l. ( c f .  

Sec .  111-4 .d . iv . )  the r a t e  of r e e c t p r t  consumption 

becomes 

j- . e . ,  4.7 x 10-3 mole %/set plus 2 . 4  x 13-3 mole 

O.-,/sec per kw power output .  
L 

b. cryogenic Pumping Power 
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output .  Hence, the  t o t e l  cryogenjc pumping power becomes 

approximately 200 atm x (C.13 + 0.07)  cc-sec- - l  N 4 w ,  

i . e . ,  around 0.4% of the power o u t p u t  ~ 

e .  Pressur iza t ion  Chamber, Power 

i .  REI% of e l e c t r o l y t e  c i r c u l a t i o n .  The respec t ive  

s o l u b i l i t i e s  of H2 and 02 I n  5 M KOH bejng e b o u t  1.7’ 

x M end 1.8 x 10- 4 M a t  7 5  ‘ c  end 1 z,tm pressure, 

t he  corresponding values e t  200 atm shQiuld be around 

0.034 M and c.036 M, according t o  Henry’s law. 

t he  minimum required c i r c u l a t i o n  r r t e  must be eround 

Hence, 

4.7 x I O e 3  mole Hz-8ec-I- 
0.034 mole H2-11.ter-l e 0.138 l i t e r / s e c  

p e r  kw power output .  However, t o  ensure minimum di f f i i s ion  

polarization the amount of H2 t ransported s h o u l d  be 

around 50% higher  than the amount consumed, i . e . ,  a t  

l e a s t  200 cc/sec/kw. 

S imi l a r ly ,  the  02-r ich e l e c t r o l y t e  f low-ra te  should 

be around 100 cc/sec/kw. 

The t o t a l  e l e c t r o l y t e  flow m t e  should therefore  

emount t o  about 300 c c / s e c h .  

i1.. Pressur iza t ion  power requirements. The compree - 

s i b i l i t y  of 5 M KOH solution being about 25 x a t u - l  
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( c f .  Sec. III-l.d.), t h e  energy E, reqtlired t o  cornpreys 

an I n l t l a l  e l c z t r o l y t e  volume vj  a t  an 1 n i t i z 1  preFeure 

pI 

j s  given by the r e l a t i o n s  : 

1G atni t a  5 f ' lnal  volume vr a t  a pressure pf' e 2 C O  : f t m  

Hence, f o r  Vi e 300 cc,  E, 

The  t o t a l  p re s su r i za t ion  power requirements amount the re -  

f c r e  t o  around 15 w/kw o r  around 1.5% of the  power ou tpc t .  

150 cc-atm /= 1 5  j ou le? .  

Actual ly ,  p e r t  o f  the  Fressur iza t ion  paver w i l l  be 

cont r ibu ted  by  the  vaporization of the  r eac t an t s  i n j e c t e d  

i n t o  the chamber. 

a t  75 OC and 200 etm being 158 cc/mole and 141 cc/mole, 

r e spec t ive ly ,  the t o t a l  cont r lbu t ion  from reac tan t  ex- 

pansfon would be of the o r d e r  of 

The s p e c i f i c  volumes of H=., and O2 

0 



per kw power output i f  t h e  r eac t an t s  were allowed to  vaporize.  

However, d i s s o l u t i o n  of r eac t an t s  i n  the  e l e c t r o l y t e  i n t r o -  

duces a large uncer ta in ty  i n  the a c t u a l  c o n t r i b u t i o n  t o  be 

expected f r o m  the partial  r eac t an t  pressures .  

the t o t a l  power required f o r  adequate p r e s s u r i z a t i o n  of t h e  

e l e c t r o l y t e - r e a c t a n t  mixture d u r i n g  the s a t u r a t i o n  s tep 

would not  exceed t h e  above-estimated value of 1.5s and may 

actually amount t o  less than  1% of the t o t a l  power output .  

In any event ,  0 

d .  Recompression of - Expanded Gas 

The gases l eav ing  the cryogenic s to rage  tanks and/or 

any gas- l iqu id  sepa ra to r s  may e i t h e r  be f e d  i n t o  a conventional 

low-pressure f u e l  s e l l  o r  e l s e  be recompressed and Injected 

i n t o  the pres su r l za t ion  chambers. The l e t t e r  approach would 

dispose of any a u x i l i a r y  f u e l  c e l l  requirements provided 

that the mass of gas t o  be recompressed can be held down t o  

a reasonable  f r a c t i o n  f of t h e  mass of reactants consumed. 

The energy required t o  recompress 1 gm-equivalent of each 

of the r e a c t a n t s  f r o m  3 atm t o  200 atm would be approximately 

g 

(t  + 3)0.030 F - V  X ln(200/3) 0.094 F - V ,  
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. 

which i s  l e s s  than 9% of t h e  energy de r jvsb le  from a 

f u e l  c e l l  o u t p u t  of 1.1 v .  With proper i n s u l a t i o n  

of the  cryogenic r eac t an t  system end w i t h  adequate 

precautions t o  minimize the concent ra t ion  of ges-  

bubble nuc le i  i n  the e l e c t r o l y t e  system, the re  seems 

t o  be no reason to  expect a gas f r a c t i o n  f g  higher  

than 10%. Hence, any recompreesion power would amount 

t o  less than C.l x 9s  = 0.98 of the  power output .  

e .  E lec t ro ly t e  Pumping Power 

i. Flow v e l o c i t i e s  and pressure drops through the  

e l ec t rode  pores.  With the baff le  arrangement of Fig. 5, 

the  e l e c t r o l y t e  must pass through two e l e c t m e e  th ick-  

nesses and be d i s t r i b u t e d  on each pass over  only half  

of the t o t a l  e l ec t rode  area,  i . e . ,  over  1800 cm f o r  a. 

1-kw f u e l  cell ( c f .  Sec. 111-4.b.) .  

2 

The H2-rlch e l e c t r o l y t e  flow of 200 cc/sec per kw 

power o u t p u t  (cf  . Sec . 111-3. c .  i. ) must therefore  y i e l d  

an  apparent flow ve loc i ty  of 200 cm3-sec-l/~8C0 cm2 7 

0.111 cm/sec. 

The pressure drop through t h e  anode mny be est imated 

a from Leva's c o r r e l a t i o n  f o r  f l u i d  f low through f ixed  

Packings (42, 43):  
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' 0  

where = f l ( R e ) ,  i s  given by a grtLph In  ref .  43, 

R e  = Wde,h,/!  

w = W f h p  = mean stream ve loc i ty  i n  i n t e r s t i c e s  

between p a r t i c l e s ,  i n  m/sec 

Wf = stpeam v e l c c i t g  based. oii total ~ r o s s - s z c t i ~ ;  

a r e a ,  m/sec 

f p  = poros i ty  

de .  h . = (213 )rp/( l - f p ) 6 l d ~  

id1 = p . 2 0 5 5  V -*j4 = p a r t l c l e  zhape f a c t o r  

sP = p a r t i c l e  surface area, m2 

vP 7 p a r t i c l e  volume, m 3  

de = diameter of sphere equivalent  t o  packed 

P P  

p a r t i c l e  i n  volume = (6v/lr)~ 
9 = kinematic v i scos i ty ,  m2/sec 

L = bed length,  m 

Xrn = f l u i d  dens i ty ,  kg/m3 

g 

4 = d12, and 
n 

= acce le ra t ion  of g rav i ty ,  m/sec' 

= f2[R'.) ,  i s  alsa g!ven by a gre.ph (42 ,  43) .  

S e t t i n g ,  Wf = 1.11 x 10-3 m/sec, de 

dl e- 1 . 2 ,  and 5 x m*/sec, one obta ins  d, .h.e 

2 / 3  x 0.6/(1-0.6) x 1.2 x tnc 1.2 x m, 

l@-6 m, f P  c.? 0 .6 ,  
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which y i e l d s  8 x 1 0  4 and n = 1. Renee, for two andde 

thlcknesses  of 2 . 5  x m each, t he  t o t a l  Z;reF:ure 

drop becomes 

Simi la r ly ,  t he  t o t a l  cathodic  e l e c t r o l y t e  f l o w  

r a t e  of 100 cm3/sec per kw output  ( c f .  See. 111-3.c.i  . )  
3 y i e l d s  an apparent ve loc i ty  o f  100 cm - ~ e c - ~ / i 8 0 0  cm2 

5.56  x 10-4 m/sec = wf. Hence, 

which y i e lds  X e- 3 x l o 5 .  
two cathode thicknesses of 0 .01  cm each becomes 

Thus, the pressure drop through 

3 x 105 x 2 x 1 0 - 4  m ( 5.56 x m/sec)2 

APcat 10-0 m 2 x 9 . 8  m/secz 

T h a t  t he  above pressure drop est imates  a r e  r e a l i s t i c  

W-y be asce r t a ined  from ava i l ab le  spec i f i ca t ions  for 

Lockheed microporous s t a i n l e s s  s t e e l  f i l t e r s  (44)  

t o  which 0.025 cm t h i c k  Type E-300 f i l t e r s  with a p a r t l c l e  

Recording 



r e t e n t i o n  s i ze  of 0 .7  micron would r equ i r e  a b P  of around 

0 .2  a t m  f o r  a room temperature water  flow r a t e  of 0.06 

cm/sec, whereas comparable 1-micron size f i l t e r s  requi re  

only  0.07 atm for the same f l o w  r a t e .  

a r e  s u r p r i s i n g l y  c lose  t o  the above es t imateddPcat  af 

C . l  atm f o r  a double cathode thickness  o f  0 .020  cm. 

These f i g u r e s  

From the  preceding est imates  It i s  evident  t h a t  

the average pressure drop p e r  u n i t  z l e c t r o l 3 t e  volvme 

f o r  the  combined anodic and cathodic flows, would amount 

t o  only  

200 cc x 0.027 atm + 100 cc x C.1 atm 
t- C.051 atm. 

300 cc Atv % 

This AP,, could, of course, be f u r t h e r  reduced by increas ing  

the  aversge p a r t i c l e  s i z e  and/or i n t e r spe r s ing  l c r e e  

diameter pores  thrcvgh the  f i n e  pore s t r u c t u r e .  

n a t e l y ,  the  avernge p a r t i c l e  size can be g r e a t l y  reduced 

Al t e r -  

N thou t  m r k e d l g  increasing APaV provtded that pores 

i n  excess o r  1 micron be in te rspersed  th roughou t  the  

e l ec t rodes .  

ii. Total pressure drop and pumping power. It i s  easy 

t o  a s c e r t a i n  that  the pressure drops through the  channels 

ad jo in ing  the  e lec t rodes  and also through the  remainder 

of the e l e c t r o l y t e  c i r c u l a t i n g  system a r e  smn3.1 i n  com- 

par i son  w i t h  the  above-estimated APav 0 . 0 5  e t m .  Hence 

a t o t a l  e f f e c t i v e  pressure drop APT 0 . 1  atm should 



s u f f l c e  t o  account fo r  a l l  these a d d i t i o n a l  l o s s e s  as 

well a s  f o r  a l l  expected pumping I n e f f I c i e n c I e s .  

Hence, t he  e l e c t r o l y t e  pulaLing power need not  

exceed 0 .1  atm x 300 cc/sec C 30 cc-atm/sec 

p e r  kw power output; o r  0.3% of total output .  

3 wat t s  

f Maxlmu. Total  PumpinLanC Pressurj  z a t l o n  Power Consumption 

The above-estimated power requirements add up 8s fol lows:  
----..-__I- - 

Cryogenj c pumping power 

Pres s u r f  z a t  ion of s a t u r a t i o n  

0.4% of output  power 

chambers 41.5% " !t t t  

Recompression of expanded gas 40.9% I '  I1 1 1  

E l e c t r o l y t e  c i r c u l a t i o n  0.3p 

To t a l  43.1% I 1  I t  

11 11 
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I T I - 4 -  Fuel Cell Stack A n a l y s i s  

a .  Nominal Current Densjty. -- 
' 0  Assurnlng a shallow slope of the vol tage-current  

d e m i t 3  curves wi th in  t h e  se lec ted  ope ra t ing  range, 

t h e  main c u r r e n t  d e n s i t y  l i m i t a t i o n  would ar ise  froin 

ohmic l o s s e s  through the e l e c t r o l y t e .  

l y t e  r e s i s t i v i t y ?  e 0.9 ohm-cm ( c f .  Sec. 111-1.b.) 

the  spacings for the conf igura t ion  of F i g .  5 R S  l i s t e d  

i n  Sec. 11-2.b.i. (La * O . @ O P j  cm, Lg e 0.C.l cm, 

Given a n  e l e c t r o -  

e 0.04 cm, L 0.01 cm) , and assuming t h a t  
L8 C 

f t  = t o r t u o s l t y  f a c t o r  for e l e c t r o d e  and sepa ra to r  

matr ix  pores 2 

f e  = f r a c t i o n  of t o t a l  e l ec t rode  th ickness  t reversed  

by a n  average current flow-path 0.5, and 

= poros i ty  of t he  e lec t rode  and sepa ra to r  s t r c c t : n e s  e f P  
0 . 6 ,  

t h e n  the  t o t a l  e f f e c t i v e  e l e c t r o l y t e  r e s i s t a n c e  per  cm2 

e l e c t r o d e  f a c e  area becomes 

e Cfeftfp-1 (L, + L ~ )  * f f -1 L, + 2Lp 3 (1s) Reff t P  

= 0.16 ohm-cm 2 . 
Rence, i n  order t o  keep the average ohmic l o s s  down 

t o  less than 0.04 v, the average ope ra t ing  cu r ren t  
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' 0  

d e n s l t y  should not  exceed 0.25 amp/cm 2 . The l a t t e r  

value is t he re fo re  se lec ted  here as the nomind average 

c u r r e n t  Uensitx. 

d e n s i t i e s  may s t i l l  be allowed a t  a r a t h e r  moderate 

Of course, much higher  peak c u r r e n t  

l o s s  in output  vol tage.  

b. Total Electrode Area 

For an average c e l l  voltage of 1.1 v 

I I I - 4 . i v . )  and a cur ren t  dens i ty  of 0.25 

t o t a l  e l ec t rode  a r e a  p e r  kw becomes 

( c f .  s ec .  

.mp/crn2, t h  

c .  Electrode Thicknesses 

? 

By dispensing wi th  binders,  water r e p e l l a n t s ,  and 

other  extraneous mater ia ls  t h e  e lec t rodes  can bB made 

much th inner  than  a t  present and ye t  provide a comparable 

c a t a l y s t  area. 

e l ec t rode  comprising the same form and amount of P t  

b lack as is c u r r e n t l y  used i n  the "high-loading" e l ec t rode  

type (45), i .e . ,  40 mg Pt/cm2 apparent a r ea ,  would have 

a thickness  of only 

E.g., & ' p u r e  60% porous s i n t e r e d  Pt o r  Raney pt 

= 0.005 cm. 0;040 gm/cm2 
(1-0.6j21.5 gmicmy 
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An amount of P t  black comparable t o  that i n  %tandardt t  
e l ec t rodes ,  i . e . ,  9 mg/cm 2 (45), would r equ i r e  a th i ck -  

ness of only 0.001 cm, 

Since the "standard" H2 e lec t rodes  y i e l d  n e g l i g i b l e  

po la r i za t ion ,  i . e . ,  0.03-0.05 v a t  0.2 arnp/cm2 a t  30 OC 

(46), a thickness  of cm might be adequate f o r  pure 

P t  anodes. Rowever, to provide g r e a t e r  mechanical s t r e n g t h  

and maximum r e l i a b i l i t y  aga ins t  c a t a l y s t  d e t e r i o r a t i o n  

a n  anode thickness  of 0.0025 cm i s  proposed here. 

Simi lar ly ,  a cathode thickness  of 0 .01 cm has been 

t e n t a t i v e l y  s e l e c t e d  so as t o  y i e l d  a t  l e a s t  a two-fold 

g r e a t e r  c a t a l y s t  area than  that provided by the above- 

c i t e d  "high-loading" e lec t rodes .  

d. Pola r i za t ion  and ohmic zP8ses, and Net Ce l l  Voltage 

i. Absence of s i g n i f i c a n t  d i f f u s i o n  l i m i t a t i o n s  and 

n e g l i g i b l e  anode p o l a r i t a t i o n .  I n  view of t he  r e l a t i v e l y  

high exchange cu r ren t  dens i ty  for the anodic r eac t ion  

( i o  e 

0.0025 cm may be a t  l eas t  an o rde r  of magnitude g r e a t e r  

amp/cm2), the se l ec t ed  anode thickness  of 

than  required to  ensure neg l ig ib l e  a c t i v a t i o n  po la r i -  

z a t i o n  (9 ,  23).  

To a s c e r t a i n  that d i f fus ion  po la r i za t ion  losses 

should a l s o  be neg l ig ib l e  one can again apply the E i n s t e i n  
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r e l a t i o n  (cf. Eq. ( 3 ) ,  Sec. 11-2.a.). Assuming an  

average pore diameter dp C 

radial  d i s t ance  8 m  f r o m  the  c e n t e r  of a pore t o  the  pore 

w a l l  becomes 

cm, the  average maximum 

(13) , 3, C 2-d = 5 10-5 cm 

which, toge ther  with Eqs.  (3) and (4), y i e l d s  a maximum 

d i f f u s i o n  time 

ta 5 Tm2/2D (14) 

4 dP2/8D (15) 

Hence, f o r  D~ 

one obta ins  

3 x 10-5 cm2/sec ( c f .  Sec. 111-I.c.), 

td 4 c ~ n ) ~ / ( 8  x 3 x 10-5 crn2/sec) c 4 x 10-5 sec,  

as compared w i t h  a t r a n s i t  time through a s i n g l e  anode 

thickness  of 0.0025 cm/O.lll cm-sec-l 0.023 sec.  It i s  

thus c l e a r  t ha t  t he  r eac t an t s  should have ample time f o r  

d i f f u s i o n  t o  the pore wal ls .  

The crude a n a l y s i s  based on Eq. (3), although f a r  

from rigorous,  is bel ieved t o  be more c o r r e c t  than those 

based on empir ical  co r re l a t ions  of e f f e c t i v e  mass t r a n s f e r  

c o e f f i c i e n t s  (22, 47), as the l a t t e r  c o e f f i c i e n t s  can 

only remain v a l i d  f o r  s u b s t a n t i a l  s tagnaht  f i l m  th ick-  

nesses .  When the pore diameters a r e  so small t h a t  d i f -  

fusion becomes q u i t e  r ap id  even i n  the  absence of any 
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flow, the  s tagnant  f i l m  concept and hence the c o r r e l a t i o n s  

based thereon become meaningless, and cen be replaced 

by a simpler a n a l y t i c a l  approach, 

Moreover, s ince  t o t a l  anoUe p o l a r i z s t i o n  i s  known 

t o  be q u i t e  small (46) even under the r e l a t i v e l y  un- 

favorable  condi t ions Preva i l ing  i n  gaseous d i f f u s i o n  

e l ec t rodes  ( c f .  Sec. 1-1), i t  should become a l t o g e t h e r  

n a g l i g i b l e  w i t h  the f a s t  t r anspor t  r a t e  provided by the 

supersaturated e l ec t rode  feed. 

ii. Act iva t ion  p o l a r i t a t i o n  a t  the cathode. Since the  

s o l u b i l i t i e s  ,and d i f f u s i v i t i e s  of O2 and + a r e  compar- 

able ( c f .  Sec. 111-1.a. and c.)  and only 3 mole O2 i s  

requi re6  per mole of E2, Uiffusion p o l a r i t a t i o n  should 

be a f o r t i o r i  neg l ig ib l e  a t  the cathodes, e s p e c i a l l y  

i n  view of the  four - fo ld  greater cathode thickness  (o r  

longer  t r a n s i t  time through the cathode pores) .  

chief remaining r a t e  l i m i t a t i o n  must t he re fo re  be asso- 

c i a t e d  w i t h  a c t i v a t i o n  po la r i za t ion  a t  the cathode (23, 46). 

The 

It might be tempting t o  apply here  the  r e s u l t s  of 

s e v e r a l  p e r t i n e n t  t h e o r e t i c a l  analyses  (48-50) . Indeed 

w i t h  the baffle arrangement of Fig.?5, the e l e c t r o l y t e  

e n t e r s  from the back through one half of the  e l ec t rode  

area and from the f r o n t  through the o t h e r  half 

the analytical  so lu t ions  worked o u t  for f looded-f low 

Hence, 
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electrodes w i t h  pos te r ior  and f r o n t a l  reactant  feeds 

should be appl icable  i n  t h i s  case.  mwever, these solu- 

t ions  can not be used to  predict  e lectrode polar izat ion 

without r e l i a b l e  data f o r  the exchange current  densi ty  

a t  O2 electrodes i n  the 75 OC-100 'C range. 

empirical  and simpler approach m u s t  therefore  be resorted 

to .  

A more 

Given the polar izat ion curves f o r  porous diffusion 

type f u e l  c e l l s  a t  atmospheric pressure and 70 OC wi th  

5 M KOH (45, 46), i t  may suf f ice  to  estimate the apparent 

current  densi ty  i o D  a t  the  tes ted  gas-diffusion electrodes 

which may produce the same ac t iva t ion  polar izat ion as 

supersaturated-f eed electmde operat ing a t  the apparent 

current  densi ty  iSF. The r a t i o  of igF to  iGD should be 

proportional t o  the r a t io s  of the respect ive ca t a lys t  

s u r f a c e  areas  A ~ ~ / A ~ ~  and of the respect ive exchange 

current  dens i t ies  iosF/ioGD, i. e .  

t b t  OF a 

Now, io i s  known to increase w i t h  increasing reac- 

t a n t  concentration a t  the electrode surface ( 4 ,  7, 51-53). 

E.g.,  an increase i n  O2 pressure i n  the range of 1-100 atm 

on P t  e lectrodes t rans la tes  the Tafei curve ':towaras 
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iii. Total polar izat ion and ohmio losses. The maximum 

polar izat ion loss of 0.19 v estimated i n  Sec. i i i - 4 . 8 . 1 i .  

represents  the sum t o t a l  of a l l  e lectrode polar izat ion 

losses  t o  be expected a t  the nominal current  densi ty  of 

increasing current  i n  amount d i r e c t l y  proportional t o  

the oxygen pressure" ( re f .  53, pp. 21  and 24). 

a f t e r  making allowance f o r  the expected increase i n  

Even 

open-circuit  po ten t ia l  ( c f .  Eq. (l), See I-6), the 

measured t r ans l a t ion  s t i l l  appears proportional to  a t  

l e a s t  34. Furthermore, a cathode thickness 

of 0.010 cm was shown i n  See. 111-4.c. t o  y ie ld  a t  l e a s t  

twice the ca t a lys t  surface area as that provided by a 

"high-loading'' e lectrode,  Hence, isF/iGD c 2 x 34 68, 
i . e . ,  an iSF of 0.25 amp/cm 2 should r e s u l t  i n  the same 

ac t iva t ion  overvoltage a6 that observed for iGD 

amp/cm'. 

0.004 

With 5 M KOH a t  70 O C  and 1 atm, the working cell 

voltage corresponding t o  i Q D c  0.005 amp/cm2 i s  a t  l e a s t  

1 .0  v ( r e f .  45, Fig.  3 ) ,  as compared wi th  an observed 

mixed open-circuit  potent ia l  of 1.05 v (45) and a the- 

o r e t i c a l  3 . m . f .  of 1.19 v (25). Hence, cathode polar- 

i t a t i on  wi th  supersaturated feed should not exceed 0.19 v 

w i t h  respect to  the theoret ical  emf o r  0.05 v with 

respect  to  the ac tua l  open-circuit  voltage 
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0.25 amp/cm2. 

mixed 02-%02 p o t e n t i a l  a t  the cathode. 

l o s s  was Qstimated a t  0.04 v f o r  the same c u r r e n t  d e n s i t y  

( c f .  Sec. 111=4.a.). 

l o s s e s  should no t  exceed 0.19 v 9 0.04 v = 0.23 V.  

Most of these  losses are a t t r ibu tab le  t o  a 

I n  add i t ion ,  t h e  ohmic 

Hence, tha  t o t a l  p o l a r i z a t i o n  and ohmic 

i v .  Net c e l l  ou tput  a t  nominal load. As pointed o u t  i n  Sec. 

I-5, the  t h e o r e t i c a l  emf should increase  by 0.12 v a t  200 atm 

pressure  w i t h  r e spec t  to the atmospheric value of 1.19 v .  The 

t o t a l  t h e o r e t i c a l  emf' adds up then  to  1.31 v. Subt rac t ing  the 

t o t a l  losses estimated i n  Sec. I I I - b . d . i i i . ,  ons ob ta ins  a ne t  

c e l l  output  a t  0.25 amp/cm2 of a t  least 1.31 v-S.23 v = 1.08 v. 

Moreover, i n  view of several o t h e r  favorable  f a c t o r s  excluded 

f r o m  the above es t imates  f o r  the sake of s impl i c i ty ,  i t  appears 

safe t o  conclude that the actual ope ra t ing  vol tage should 

e a s i l y  exceed 1.10 v .  

XII-5. Bubble Nucleation and G r a w t h  Rate 

a.  Requirements f o r  Negligible Gas Evolution 

The mechanism of any phase t r a n s i t i o n  is known to be ini- 

t iated by the formation of s t a b l e  nuc le i  of a c r i t i c a l  minimum 

size and to  be followed by the growth and m u l t i p l i c a t i o n  of 

n u c l e i  (54-56), 

0 
NvcLsar gmvth is l i m ~ i t e d  by *,he ra te  ef diff~sicrr: sf 
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s o l u t e  molecules toward the stable nuc le i .  Hence, t h e  

condi t ion  for neg l ig ib l e  gassing is t h a t  t h e  mean time 

tgb f o r  d i f f u s i o n  t o  a s t a b l e  gas bubble be much longer  

than the t o t a l  t r a n s i t  time tT through an e l e c t r o l y t e  

c i r c u l a t i o n  loop. More exac t ly ,  t h e  t r a n s i t  time from 

the  s a t u r a t i o n  chamber t o  the  f u e l  c e l l  o u t l e t s  tfo 

should be l e s s  than  0 . 1  t i f  the evolved gas i s  not  

t o  exceed a f r a c t i o n  f g  g r e a t e r  than 10s of the amount 

consumed a t  the e l ec t rodes :  

gb 

t f o  4 G a I  tgb (17) ' 

Now the apparent flow ve loc i ty  through the cathodes was 

estimated i n  Sec. 111-3.e.i. a t  0.056 cm/sec. Hence the 

t r a n s i t  t i m e  through two cathode thicknesses  would alone 

amount t o  0.02 cm/0.056 cm-see-' 0.36 sec .  Hence tfo 

must be of the o rde r  of 4 sec dur ing  ope ra t ion  a t  nominal 

load, and t g b  must accordingly exceed 5 sec .  

according t o  Eq. (3), the mean d i s t ance  dgb t o  a gas bub- 

b le  nucleus should be a t  least  

Therefore 

Hence, the concentrat ion of gas nuc le i  must be kept  down 

t o  less  than ( 0 . 0 2  'I: lo5 ~ r n - ~ .  

Whether t h i s  condition can be e a s i l y  8 a t i s f i e d  w i l l  

depend on the p reva i l i ng  nucleat ion mechanism. 
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b. Homogeneous Nucleation 

Homogeneous nucleat ion i s  expected t o  occur  only  

when the r a t i o  of t he  nucleat ing s o l u t e  p E s s u r e  pn 

t o  i t s  e q u i l i b r i u m  pressure pe approaches the  Volmer 

r e l a t i o n  (54-56) 

I n  (Pn/Pe) ( 1 6 ~ & ' V , ~ / 3 k ~ T ~ l n C ) ~  ($8) 9 

where r i s  the  i n t e r f a c i a l  t ens ion ,  Vm i s  the  molecular 

volume of the so lu t e ,  k i s  Boltzmann's cons tan t ,  T i s  the 

absolu te  temperature, and C i s  a constant  approximately 

equa l  t o  1.0~5 (55). 

a t  75 OC being around 70 dynes/cm, and s e t t i n g  pe = 

10 atm, and Vm/kT e Pe- l  f o r  gas bubbles, one obta ins  

The surface tens ion  cr of 5 M KOH 

ln(pn/pe) (16x703 d ~ n e ~ - c r n ' ~  x atn1-~/3kTlnIfi+ 

e 140, 

which would r equ i r e  a pressure pn^I 

homogeneous nuc lea t ion  t o  occur. Al te rna te ly ,  a.ccor8ing 

t o  a somewhat d i f f e r e n t  version of the Volmer r e l a t i o n  

( r e f .  56, p.  16) the  rate o f  homogeneous nuc lea t ion  a t  

a s a t u r a t i o n  r a t i o  of 200 atm/lO a t m  - 20 would be of 

the o r d e r  of 10-3,7~O cm'3-sec'l. 

atm i n  o r d e r  f o r  

It appears the re fo re  

t h a t  no degassing would be encountered i n  the absence of 

foreign nuc le i .  
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c Rbterogeneoua 19ucleatf on - - -  

To prevent o r  mjnitnite heterogeneous nucleation a 

few rather  simple precautions may have t o  be taken. f n  

the f l r s t  place, cleanliness of the e lec t ro ly te  and thorough 

wetting of the en t i r e  e lectrolyte  c i rculat ion system should 

be of major importance. ~ccorti ing t6 Walton (55), it has 
been posslble t o  heat water as high as 200 OC without boiling 

by paying thoPough at tent ion t o  purity and to  perfect wetting 

of  the container walls. I n  contrast ,  Rumme1 and Young have 

succeeded i n  grsa t ly  accelerating the nucleation of bubbles 

on heated metal by depostting a multitude of t i ny  Teflon 

spots on the bated  aurFace (55). Tiny Teflon par t fc les  would 

therefore have to  be def in i te ly  kept out of the e lec t ro ly te  

c i rcu la t ion  sys tem. 

It may a lso  be necessary to minlrnite shock o r  spur ious  

vibrations by providing shock dampeners i n  o r  around those 

parts of the e lec t ro ly te  sgetem which are outside the satura- 

t i o n  chambers, as pressure waves a r e  known to  accelerate 

nucleation (55). 

the electrolyte  system with a s tab le  electrochemically 

harmless surface we t t ing  additive. 

Finally, it may be desirable to  condition 

By means of such precautions it  would not seem d i f f i c u l t  

t o  keep the bubble nuclei far below the maximum allowable 

concentration of 10 cm-3 (cf. ~ e c .  111-5.a.). 5 
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Any weight assessment f o r  a n  e n t i r e  supersa ture ted  
I 

f e e d  fuel c e l l  system (SFFC) could not be exact  i n  t h e  

absence of detailed mechanical designs going f‘ar beyond 

t h e  scope of t h i s  s tudy.  

t h e r e f o r e  be r e s t r i c t e d  t o  t h e  major d i f f e rences  between 

the  SFFC and t h e  gaseous-diffusion t y p e  (GDT) systems. 

0 
The present  es t imates  will 

The weights of the  additional components required 

by the  SFFC b u t  not by the  GDT a r e  f i r s t  estimated i n  

Sec.  IV-1. The savings i n  fue l  s t ack ,  r a d i a t o r ,  reactant, 

and s to rage  tank weights ape then  comguted i n  secs .  IV-2, 

IV-3 ,  and IV-4, and the  n e t  savings derived from the  SFFC: 

are summed up I n  Sec. Iv-5. Since the component weights 

of Sec. I V - l  are t h e  most d d f f i c u l t  t o  assess accuieately, 

s p e c i a l  pains h v e  been taken t o  l e a n  toward the con- 

s e r v a t i v e  d i r e c t i o n ,  so that tile component weight of 

Sec. IV-l may be f a r  h igher  than requi red  and the  n e t  

savings of Sec. I V - 5  considerably lower than w h a t  may be 

r e a l i z e d .  
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IV-1 Extra  Component Weights 

The e x t r a  weAght of the a d d i t i o n a l  r equ i r ed  components 

can be only roughly estimated from t ha t  of similar hardware 

comuarcially a v a i l a b l e  a t  present .  Furthermore, the inc re -  

mental weight requirements per kw power o u t p u t  may be 

expecteU t o  decrease w i t h  i nc reas ing  power capac i ty .  

present  est-imates w i l l  therefore ~ b a r t  w i t h  rnjnimum 

nominal power o u t p u t  o f  2 kw, as a basis. Of the  t o t a l  

e x t r a  component weight W, est3mated f o r  the minimum size, 

hal f  w i l l  be assumed to c o n s t i t u t e  a f i x e d  mfnirnum w,, 
and half will be assumed t o  be proport ional  t o  the f u e l  

c e l l  power, PF: 

The 

Wc N Wm + FpPF (19)  

where the  p ropor t iona l i t y  f a c t o r  Fp would be der ived 

from the  r e l a t i o n  

3(W,),, 2Fp Ib-kw'l (20) 

es t imate  ( W  ) one may s ta r t  f i r s t  w i t h  the  
2Kw 

s a t u r a t i o n  chauber weights Ws J which shoulU not  exceed 

1 lb/100 cc ( ~ f .  Sec. I I -2 .a . ) ,  i.e., 3 l b  for a t o t a l  

chamber capac i ty  of 300 cc (200 cc and 100 cc for the  

H2-rich and 02- r ich  e l e c t r o l y t e s  , r e spec t ive ly ) .  I n  

adUition, each chamber requi res  3 automatical ly  ac tua ted  

valves capable of withstanding a maximum back-pressure 

of 200 atm, lncluding one las t - response  cryoganic valve 

ope ra t lng  a t  a high pressure d i f f e r e n t i a l ,  and two simul- 

taneously a c t i n g  valves subjected t o  a neg l ig ib l e  pressure 

d i f f e r e n t i a l  when open. The la t te r  two valves can be 
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replaced by a sl.nple double-actinp vaY ve V F : ~  ph.1 np amiincl 

1 lb, while the single cryogenic valve might weigh around 

4 l b  (1:ncludlng i n s u l a t i o n ) .  

weight inc luding  2 cryogenic valves  and 2 double-act ing 

e l e c t r o l y t e  valves may thus  add up  t o  

The t o t a l  s a t u r a t i o n  chamber 

1 

(WS)2W 3 lb 2 ( 1  l b  i 2 Ib) 6 lb, 

That t h e  above valve weights are conservat ive may 

be seen from quota t ions  for commercielly a v a i l a b l e  valves 

such as C i r c l e  Seal high-response solenoid valves Model 

~4149 o r  ~4152, rated for pressures  i n  excess of 3,000 

psi ana response times of 1 o r  2 msec, deecrlbed as 

" su i t ab le  for cryogenic serv ice ,  and weighing only about 

3 Ib (57). 
The micro-volume high-pressure cryogenic pumps re- 

qui red  t o  i n j e c t  0.13 cc  % and 0,07 cc O2 per cycle  o r  

per kw-sec ( c f .  3ec. 111-3.b.) might be compared with 

a n  Eastern size  102 hydraulic pump (58) capable of de- 

l i v e r i n g  around 13 gpm ( o r  almost 100 cc/sec) a t  100 atm, 

and weighing on ly  1.6 lb (wlthout motor). Hence, I n  view 

of the much smaller volume requirements ((2.26 cc Hz/sec 

o r  0.14 cc 02/sec for opera t lon  a t  2 k w ) ,  a weight of 

1 . 3  lb for the l i q u i d  % pump end of 0.7 lb f o r  t he  l i a u i d  

O2 pump, inc luding  i n s u l a t i o n  and subcooling chambers, 
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appears t o  be a conservative estimate. 

WL of the l i q u i d  reac tan t  pumping system may thus add 

up t o  

The t o t a l  weight 

(WL)2KW 1 . 3 l b  + 0.7 lb 2 lb. 

The e l e c t r o l y t e  pumps may be compared w i t h  an Eastern 

I n d u s t r i e s  Type VO-2100 (58) weighing 13 lb (without 

motor) and de l ive r ing  around 9 gpm (500 cc/sec) a t  1G 

a t m  discharge pressure .  Hence, assuming that  one such 

pump muy be r equ i r ed  f o r  ea th  of the Op-rich and H2- 

r i c h  e l e c t r o l y t e  l i n e s ,  the  t o t a l  weight WE of the e lec-  

t r o l y t e  pumps would add u p  t o  

In view of the r e l a t i v e l y  small a u x i l i a r y  power 

requirements (3s of 2 K W c  60 watts), the weights of 

motors and con t ro l s ,  WMc, should not  exceed 2 lb, 

('MC12KW cz 2 lb. 

Simi lar ly ,  the add i t iona l  hardware required t o  con- 

v e r t  t he  a l r eady  e x i s t i n g  h e a t - r e j e c t i o n  system i n t o  a 

100- t o  200-watt  thermal engine should not  exceed ( I J , , , ~ ) ~ ~  N 

3 lb. 
Although each of these estimated component weights 

may be too conservat ive (c f .  Sec. I I -3 .a . ) ,  t h e i r  sum 

t o t a l  is only 
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Hence, Eqs. (19 )  and (20) assume the approximate form 

Wc 4 lb ,  + 4 PF lb-kw'l (21) ' 

Thus, f o r  noininal Fuel c e i i  powers FF of 5 'm, 

10 kw, and 20 k w  the estimated Wc would be around 24 

lb, 44 lb, and .84 l b .  

of increase  i n  Wc should be somewhat s l o v e ~ ,  €.e. ,  W, 

may amount t o  around 150 Ib f o r  a 50-kw system. 

these  values are probably a t  least  twice as high as 

what may be a c t u a l l y  required,  but they may s t i l l  permit 

a meaningful comparison with a l t e r n a t e  systems. 

I n  the 20-50 Kw range the rate 

~ l l  of 

IV-2. Saving i n  Cell Stack Weight 

A c u r r e n t l y  a v a i l a b l e  2-kw f u e l  c e l l  system weighs 

100-140 lb/kw of sus ta ined  power when f i l l e d  with e l e c -  

t r o l y t e  and opera t ing  a t  a cur ren t  d e n s i t y  of 100 amps/ft* 

(11, 59) .  

reduced w i t h  moderate s ta te-of  -the-art advances , the  

minimum weight of t h e  gas-diffusion type f u e l  c e l l  

s t a c k s  alone could not  be less than the 20 lb/kw p resen t lg  

obta inable  a t  peak power (59). 

Although th i s  weight might be considerably 

On t n e  o t n e r  hand, with t h e  ceii Giirieiisioi~~ pi'opoad 



in Sec. 11-2 .b . i . ,  t he  a c t i v e  f u e l  c e l l  volume would be 

only around 

0.123 cm x 3,600 ctn2/kw N 440 cm3/kw, 

of which only 10s would cons is t  of t he  r e l a t i v e l y  heavy 

porous e l ec t rode  volume. The d e n s i t y  of P t  being 21.45 

gm/ctn?, even a 60$ poraua e lec t rode  would have en e f f e c t i v e  

d e n s i t y  of (0 .4  x 21.5 + 0.6 x 1 .2 )  gm/cm3 e q . ?  prn/crn3 when 

f i l l e d  w i t h  e l e c t r o l y t e .  

2 gm/cd for the e l e c t r o l y t e ,  s epe ra to r ,  and c e l l  wall 

materials, the weight Wa of the a c t i v e  c e l l  volume hecomeF 

Assuming an average dens l ty  of 

We cr 440 cm3 (0.10 x 9.3 gm/crn3 + 0.90 x 2 gm/cm3)/kw 

C 2.T lb/kw. 

In add i t ion ,  the &ll edgea, gaske ts ,  manifolds, end-plates ,  

i n l e t - o u t l e t  tubing, and the  e l e c t r o l y t e  conteined i n  the  

c i r c u l a t i n g  system m y  double the above weight for e t o t e l  

fuel c e l l  and e l e c t r o l y t e  weight 

WFE e 5.4 lb/Zcw. 

Hence, even assuming the minimum achievable  weight 

of 20 lb/kw f o r  gas d i f f u s i o n .  type f u e l  c e l l  s t ecks ,  one 

would s t i l l  expect 8 weight saving WsF of ground 15 lb/kw 

According t o  Eqs. (21) and (22), Wm would alone - 
s u f f j c e  t o  cancel ou t  W, and y i e l d  a n e t  saving i n  t o t e l  
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equipment, welpht  even for PP : 3 Icw. 

I s  i n  a t  least q u a l i t a t i v e  agreement w l t h  t h e  results o f  

Ret1 and Sadek (23). 

Th4p conclii~t50n 

IV-3. Saving In Radiator We1ght 

The radiator used with present  GDT rue1 cell systems 

W!th weigh& 20 t o  25 lb/kw e l e c t r i c a l  power output  ( 5 9 ) .  

the  higher energy conversion e f f i c i e n c y  of t h e  SFFC t h e  

reduced hea t  r e j e c t i o n  requirements should permit a propor- 

t i o n a t e  decrease i n  radiator weight. 

the SFFC hest production r a t e  was found t o  amount t o  430 w/kw 

(cf . Sec. 11-2.c.). In  present GDT f u e l  c e l l s  opera t ing  

a t  0.90 v/cel l ,  t h e  heat production rate must amount t o  

0.57 v/O.gO v 63s or 630 w/kw. The requi red  r a d i a t o r  

A t  a n  output  of 1.1 v/cell  

weight is thus reduced by (63$-43$)/63$' 32s f o r  o the r -  

w i s e  I d e n t i c a l  cool ing condition8 * 

lower limit of 20 lb/kw for the  weight of present  r a d i a t o r s ,  

t h e  n e t  saving i n  r a d i a t o r  weight become8 

Thus, assumlng the  

'SRad e 0.3 x 20 lb-kw" e 6 1b-kwo1 (23) 

IV-4. Savings i n  Reactant and Tank Weights 

A t  0.90 vo l t / ce l l  and 100s Faradaic  e f f i c i e n c y ,  

t he  total  r e a c t a n t  consumption amounts t o  0.82 lb/kw-hr. 
a 
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The r a t i o  of storage tank weight t o  r e a c t a n t  weight being 

around 2/3 (59),  t h e  t o t a l  required r eac t an t  and tank 

weight would add up then t o  around 1.37 lb/kw-hr. 

This weight requirement would decrease i n  inverse  

proport ion t o  the c e l l  voltage,  thus  reducing t o  (0.9/1.1) 

x 1.37 l b h - h r  .= 1.12 l b / k w - h r  f o r  a system ope ra t ing  a t  

1.1 v o l t / c e l l  and 100% Faradaic e f f i c i ency .  

'SR 

The n e t  saving 

i n  t o t a l  r e a c t a n t  and tank weights i s  the re fo re  

WSR -r' (1.37-1.12) lb/kw-hr e 0.25 lb/kw-hr. 

S e t t i n g  tp f o r  the time of continuous opera t ion  a t  the 

rated power PF, one can express th i s  r e s u l t  i n  the form 

'SR = 0.25 tpPF lb-kw-l-hr'l (24)  

IV-5. Over-all  Weight Saving 

Combining E q s  . (21) through (24),  one o b t a i n s  a n  

o v e r - a l l  n e t  weight saving 

'SN .= (0.25tp hr'l + 17)PF lb-kw-l - 4 lb  (25) 

A n e t  saving is  thus expected even f o r  PF as l o w  as 1 

KW i n  missions of s h o r t  durat ion.  For missions of more than  

60 hr the savings i n  r eac t an t  and tank weights become pre- 

dominant, as shown graphica l ly  i n  Fig. 6. 
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V* ADJUSTMENT TO VARIABLE IDAD AND MISSION REQUIREMENTS 

could then be r e a l i z e d  on the r a d i a t o r  weight by allowing 

V - I .  System Simpl i f ica t ions  f o r  Misslons of Short  Duration 

The design and weight es t imates  of Secs. I1 and I11 

were pr imar i ly  concerned with ope ra t ion  a t  o r  near  maximum 

energy conversion e f f ic iency .  Such maximum e f f i c i e n c y  

ope ra t ion  would be most d e s i r a b l e  f o r  missions of long 

dura t ion ,  e .g . ,  of more than 60 hr,  where t h e  savings i n  

r e a c t a n t  and s to rage  tank weights become t h e  predominant 

f a c t o r  ( c f .  Sec. N-4). Bwever, for s h o r t e r  missions,  

i t  may be advantageous t o  minimize equipment weight 

even a t  an  apprec iab le  s a c r i f i c e  of r e a c t a n t  consumption 

e f f i c i e n c y .  For  such missions the  SFFC system could be 

s impl i c i ed  and/or made considerably l i g h t e r  by e l imina t ion  

of any a u x i l i a r y  QDT f u e l  c e l l  and/or of t he  thermal 

engine and by f u r t h e r  reduction i n  f u e l  c e l l  s t ack  weight 

by ope ra t ion  a t  h igher  current  d e n s i t i e s ,  i . E . ,  closer t o  

t he  peak power c a p a b i l i t y  limits a r r i v e d  a t  i n  Sec. V - 3 .  

Without t he  thermal engine the r a d i a t o r  temperature could 

be raised t o  340 OK o r  higher,  which could c u t  down the 

r a d i a t o r  weight almost i n  h a l f .  Around 10 lb/kw could 

thus  be saved i n  t o t o  by operat ing the f u e l  c e l l  s tack  

a t  twice i t s  rated power. A f u r t h e r  saving of 3 l b / h  

t h e  water product t o  evaporate d i r e c t l y  i n t o  empty space. 



V-2. Stand-By or l o w  Power Operatlon 

Although a downward o r  upward f ac to r  of around 4 was 

aaaumed i n  Sec. 11-2.a. t o  be the maximum desirable deviation 

from rated power (more exactly 0.5 t o  10 kw for a nominal 

2-kw system), low power operation or even stand-by readiness 

could be maintained, nevertheless, if need be, a t  a r e l a t ive ly  

low r a t e  of reactant consumption. 

In  the absence of s ignif icant  reactant diffusion 

through the separator matrix, the SFFC oould be maintained 

i n  permanent atand-by readiness even without any power 

consumption, as the pa r t i a l  reactant pressures bf  10 atm 

i n  a completely equilibrated syLtem could still yield 

suf f ic ien t  fue l  c e l l  power to  bring the system into immediate 

operation. Since the actual  reactant diffusion r a t e  through 

a t i g h t  0.04 cm thick separator matrix would amount t o  f a r  

l e s a  than 0.1s of the ra te  of consumption a t  nominal load, 

and the pa ras i t i c  power demands are also insignificant i n  the 

absence of power drain, the t a t s 1  reactant consumption r a t e  

under no load conditions ahould be considerably less than 

0.1s of the average operating r a t e .  

V-3. Peak Power Capability 

Aa suggested i n  Seo. 11-2.a., a peak power capabili ty 
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of around 5 time: the  r a t ed  load should be f e a s i b l e  by 

increas ing  the  s a t u r a t i o n  cycle frequency i n  roughly 

t h e  same proport ion.  However, a t  a 5-fold inc rease  i n  

cu r ren t  dens’ty r e l a t i v e  t o  the nominal value of 0.25 

arnps/cm*, the  ohmic and po la r i za t ion  l o s s e s  would be 

increased by ground 0.20 v ( c f .  secs .  11-4.a. and d . ) .  

The a c t u a l  power ga in  would then amount t o  a f a c t o r  of 

o n l y  5 x 0.90 v/1.10 v N &.I. 

cur ren t  dens i ty  would reduce the  opera t ing  vol t sge  to  

around 0.75 v /ce l l  and thus y i e l d  a peak power of 8 x 

0.75 v / l . l  v 

c a p a b i l i t y  should therefore  be i n  the range of 4 t o  6 

An 8-fold increase  i n  

5.5 times the r a t e d  load.  The peak power 

times the  nominal power. 

V-4. S e n s i t i v i t y  t o  VCrloads  

A t  any given cycl’ing frequency the  continuoils cu r ren t  

drawn from the  WFC could no t  exceed the l i m l t  determlned 

by the  r a t e  of r eac t an t  t r anspor t .  It i s  thus poss ib le  

t o  prevent any dangerous overload by l i m i t i n g  the  opera- 

t i o n a l  frequency range of the c o n t r o l l i n g  o s c i l l a t o r  

( c f .  Sec. 11-3 .b . i i i . j .  

Even i n  case of malfunction of the frequency l i m j t i n g  

provis ion,  the  following opera t ive  mechanlsms would serve  

t o  prevent any se r ious  overheat damage t o  the f u e l  c e l l  s t a c k :  
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a .  

temperature would result i n  an increased hea t  removal 

r a t e .  

b. Increased e l e c t r o l y t e  temperature vou ld  r e s u l t  

i n  lower r eac t an t  s o l u b i l i t i e s  and hence h igher  

cyc l ing  and cooling r a t e s  for a given cu r ren t  d r a j n .  

c .  Increksed e l e c t r o l y t e  temperatuiae would slso 

r e s u l t  i n  reduced ohmic and p o l a r i z a t i o n  losses Ernd 

hence reduced heat generat ion ra te .  

It would thus be r a the r  d i f f i c u l t  t o  e f f e c t  any 

Increased cyc l ing  frequency and e l e c t r o l y t e  

damage i n  the  SFFC s tacks  through e l e c t r i c a l  overload:. 

O f  course, the  F s s i b i l i t y  mag a r i s e  of mechanical damage 

t o  the accessory components a t  excessive cyc l ing  frequencies .  

However, such damage could be prevented by s e l e c t i n g  o r  

designing components r a t ed  f o r  a t  l eas t  10  times the max3- 

mum expected cyc l ing  frequency . 
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VI. OVER-ALL ASSESSMENT OF THE SUPERSATURATED FFFD APPROACH 

V I - 1 .  Comparison with Gaseous Fuel Cells 

According to  Eq (25) , Sec . N-5, the SFFC system should 

r e su l t  i n  net savings of around 17 lb/kw i n  equipment weight 

alone and of # I b h - h r  i n  $he weight of reactants and tanks ,  

This yields t o t a l  savings of 42 Ib/kw and 267 lb/kw for 100- 

hr and 1,000-hr mlasions, respectively. A saving of about a 

ton is realized on an 8,000 kw-hr system, 

On missions of short duration the savings i n  reactant 

weights become lnslgnfflcant, b u t  the accessory equipment 

mag then be great ly  simplified so as to yield fur ther  savings 

of around 13 lb/kw (cf . Sec. V-1) . 
equipment weight would then amount t o  30 lb/kw, 

weight of GDT systems may be reduced to  under 100 lb/kw wi th  

moderate state-of-the-art improvements (59) ,  these estimated 

savings would amount to an overall reduction of a t  l e a s t  30% 

over the mlnimum that might be achieved wt th  GDT systems. 

The t o t a l  savings i n  

Since the t o t a l  

Since the savings i n  reactant and tank weights during 

longer missions would also amount to over 20% of the mlnimum 

required wi th  GDT sys terns, the over-all weight savings 

rea l izable  with an SFFC should amount to  a t  l e a s t  20030% 

regardless of mission length. 

- 66 - 



' 0  

The savings I n  equipment arise c h i e f l y  f r o m  the  major 

size reduct ions i n  t h e  fuel c e l l  stack an8 i n  t h e  rwJ ia to r  

permitted by increased energy eff i c i encg  and power capablll t y  

Y e t ,  even wi th  t h e  major reduct ion  In c e l l  s t ack  size, 

the peak power c a p a b i l i t y  I s  around 4 t o  6 times the reted power 

w i t h  the SFFC system,whereas a peak t o  average power r a t i o  

of 2:1 I s  barely achievable  with the GDT (11). 

should the SFFC stacks be subjec t  t o  the gradual d e t e r i o r a t i o n  

observed w i t h  t h e  GDT (11, Z2)* 

Neither 

The only  objec t ionable  f ea tu re  of the SFFC system 

may be the  requirement f o r  accessory mechanical equipment 

involv ing  moving parts. Bwever, the  number of such parts 

can be kept reasonably small through proper design. 

any lo s s  i n  r e l i a b i l i t y  assoc ia ted  with such moving parts 

should be amply o f f s e t  by t he  improved rbe l i ab i l i t g  of the  

f u e l  c e l l  s tack .  

I%reover, 

VI-2 .  Comparison with Undersaturated Flooded-Flow Sys terns 

To determine whether the  above-Uemons trated advantages 

are due pr imar i ly  t o  the supersaturated feed o r  t o  the 

f looded-f low approach a comparison w i t h  undersaturated 

flooded-flow (UFF) systems m y  be of i n t e r e s t .  
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The e a r l i e r  UFF c e l l s  of Bacon (13) and Meissner and 

R e t i  (21, 22)  have a l ready  been covered i n  Sec. 1-2. 

However, the recent  s tudy  o f  Reti and Sadek (23), h e r e a f t e r  

r e f e r r e d  to as R & S, c a l l s  f o r  a c l o s e r  comparison. 

Both t h e  present  and the R & 3 s t u d i e s  agree at: 

l e a s t  q u a l i t a t i v e l y  that: 

a) the flooded-flow approach o f f e r s  s i g n i f i c n n t  

advantages over  GDT fuel c e l l s ;  

b) t h i s  approach calls f o r  s a t u r a t i o n  pressures of 

a t  leas t  50 atm and preferably h igher  pressures;  and 

c )  t h i s  approach results i n  considerable  savings i n  

o v e r - a l l  equipment weight a lone .  

However, R & S o b t a i n  no gain i n  o v e r - a l l  energy e f f i c i e n c y  

and hence no savings in r e a c t a n t  weights.  

these studies agree q u a n t i t a t i v e l y  on several major po in ts .  

Neither do 

~n absolu te  weight comparison between the  SFFC d i s -  

cussed here and the UFF system of R & S is not  poss ib le  

because the weights estimate8 i n  Sec. IV f o r  comparable 

equipment are c l e a r l y  f a r  more conservat ive than those of 

R & S. It is possible, however, t o  a s s e s s  the r e l a t i v e  

advantage by r e f e r r i n g  cons i s t en t ly  t o  the R & 9 weight 

e s t ima tes .  

For  mission lengths  of 24 hr  t o  240 h r  R & S a r r l v e  
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a t  an optimized equipment weight breakdown of around 5-6 lb 

for t h e  f u e l  c e l l  s t ack ,  12-13 l b  for t he  r a d i a t o r ,  and 

9-10 lb for t he  s a t u r a t o r s  per kw power ou tpu t .  These 

equipment weights should be' reduced by the fol lowing 

percentages with the SFFC system presented i n  Secs.  11: 

and 111: 

a)  a reduct ion of a t  l e a s t  40-60s i n  f u e l  c e l l  s t ack  

a r i s i n g  from higher  current  d e n s i t y  (0.25 emp/cm2 as 

compared wi th  0.13-0.18 amp/cm*) and higher voltage 

output  (1.1 v/ce l l  as compared with 0.85-0.87 v /ce l l ) ;  

b) a reduct ion of a t  least  40% i n  r a d i a t o r  weight 

a r i s i n g  hdm reduced heat genera t ion  a t  higher output  

vol tage ( c f .  Sec. rV-3); and 

c)  a reduct ion of a t  l e a s t  50% i n  s a t u r a t o r  weight 

a r i s i n g  f r o m  reduced s a t u r a t o r  volume and reduced 

pumping requipements w i t h  h igher  s a t u r a t i o n  pressures .  

The SFFC approach r e s u l t s  t he re fo re  in an equipment 

weight reduct ion of around 50% and i n  a r eac t an t  weight 

reduct ion  of (1 .10 v-0.87 v)/0.87 v C 26s. 

The rather low voltage output  a r r i v e d  a t  by R & S 

appears t o  r e su l t  p a r t l y  from low temperature opera t ion ,  

and the ohmic and po la r i ca t ion  losses aasoc ia ted  therewith, 

and partly- from t he  lower operat ing pressure which leads  

t o  higher p o l a r i z a t i o n  losses and higher p a r a s i t i c  power 

requirements.  A higher  operat ing temperature would r e s u l t  
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i n  lower ohmic and polarization losses b u t  i n  higher 

pumping requirements a 

Neither could the UFF system proposed by R & S yidld 
' the high peak power capabi l i t ies  of the SFFC ( c f .  sec. V-3) 

since t h e i r  pumping requirements a re  ra ther  high even a t  

rated load. 

It should, of course, be possible to  introduce ce r t a in  

improvements i n  the UFF system which m y  narrow down these 

differences somewhat. E.g., by operating the UFF system 

a t  200 atm and 75 OC the savings I n  reactant and tank 

weights obtained with the SFFC should also be realized 

w i t h  the UFF. However, the t o t a l  equipment weight would 

then have t o  be increased considerably, as the en t i re  

system would have t o  withstand a t  l e a s t  200 atm pressure. 

Even the saturat ion chambers would have to  be increased 

appreciably since it would not be easy to  in j ec t  a dryo-  

genic reactant spray through high-pressure nozzles into 

an already pressurized electrolyte.  

The major gains arrived at  i n  t h i s  study appear 

therefore t o  derjve chief ly  f r o m  the supersaturation 

approach. 
0 
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The expected improvements i n  f u e l  c e l l  performance 

may be l a r g e  enough t o  e l i c i t  j u s t i f i a b l e  d i s b e l i e f  and 

a suspicion that the above estimates may have been somehow 

biased  i n  favor  of the SFFC. That i s  why considerable  

VI1 . CONCLUSIONS 

The over-all weight savings of a.t least  2C$ o b t a i n e d  

w i t h  the SFFC as compared with e i t h e r  the  GDT o r  the 

UFF systems de r ive  c h i e f l y  fmm the  at ta inment  of  high r c a c t n n t  

a c t i v i t i e s  i n  the  c i r c u l a t i n g  e l e c t r o l y t e s .  For t h e  

s a t u r a t i o n  pressures  of 200 a t m  aseumed i n  t h i s  stildg, 

t h e  weight of accessory e q u i p e n t  and the pumping and 

p res su r i za t ion  power requirements were found t o  be n e g l i -  

g i b l e  i n  comparison with t h e  o v e r - a l l  ga ins .  

f u r t h e r  ne t  gains may be r ea l i zed  wi th  even higher  sa t -  

u r a t i o n  pressures ,  the optimum point  would probabl:q not  

exceed 600 atm, as the  add i t iona l  equipment weight and 

p a r a s i t i c  power requirements would then d e f i n i t e l y  be@ n 

t o  outweigh the  marginal advantages t o  be gained from 

f u r t h e r  pressure increases .  

AlthoaFh 

Fur ther  gains through reauced cathode po la r i za t ion  

should r e su l t  f r o m  higher  opera t ing  temperatures, e . g . ,  

100-150 O c .  

data, t he  optimum temperature region remains uncer ta in .  

However, i n  the absence of r eac t an t  so1ubilit;T 
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pains have been taken throughout t h i s  work to  take i n t o  

eccount an1 possible problem a r e a s  and to  discount  s e v e r a l  

a d d i t i o n a l  favorable  f a c t o r s .  

p o l a r i z a t i o n  losses ( c f .  sec .  111-4.d.)  

~ . g . ,  in the  es t imates  of 

no allowance 

was made f o r  the  improved u t i l i z a t i o n  of t he  available 

c a t a l y s t  a r e a  arising from the absence of obs t ruc t ions  

by gases, water - repe l lbn ts  o r  inirctive blnders .  A I S 0  

l e f t  unmentioned are t h e  s impl i f i ca t ions  i n  e l ec t rode  

manufacture and the  increased reliability obta inable  w l  t h  

a pure porous c a t a l y s t  s t r u c t u r e ,  o r  t he  f u r t h e r  wei@t 

3avings realizable by dispensing with some of the accez- 

s o r i e s  required with GDT systems, such  a3 the hea t lng  

elements and con t ro l s  present ly  used t o  draw gaseous 

r e a c t a n t s  from cryogenic tanks during peak power demand. 

Fur the r  work aimed a t  demonstrating the  advantages 

of SFFC i n  a c t u a l  p r a c t i c e  should s ta r t  w i t h  the  construc- 

t i o n  and t e s t i n g  of a small SFFC u t l . l i z ing  conventional 

s a t u r a t i m  and pumping equipment. This could be followed 

f i r s t  by the  design,  construct ion and t e s t i n g  of t a i l o r -  

made accessory couipnents, a d  f i n a l l y  by the cons t ruc t ion ,  

t rouble-shoot ing,  and l i f e - t e s t i n g  of a complete system. 

- 72 - 



REFEREFEES 

1. C.  Uagner, unpublished communication (1957). 

2. H. C. Weber, H. P. Meiaaner, and D. A .  Sam, J. Elcctrochem. 
Sac. - log, 884 (1962). 

3. 

4. 

5.  

6. 

7.  

8 .  

9 .  

10. 

11. 

12. 

13 

14. 
.It- 
J-3 - 

T. Katan, S. Stpak, and E. A. Grens 11, I b i d .  - J  112 
1166 (1965). 
J. A. Rockett and R.  Brown, Ibid. 113, 267 (1966). - 
D. N. Bennion and Ch. W. Tobias, Ib id .  - 113, 589 (1966); 
- 113, 593 (1956) 
J. O'M. Bockria, "Studies in Fundamental Chemistry of 
Fuel Cell Reactions," Semi-Annual Report MO. 9 ,  
Feb. 27, 1967, IVSG-325, pp. 1-2. 

B. D. Cahan and J. O'M.  Bockris, Abstract NO. 202, 
Extended Abatracts -1-6, Electrochemical Society Meeting, 
May 7-12, 1967. 

J. O ' M .  Bockria, L. Nanis, and B .  D. Cahan, J. Electro- 
adl.Chem. 2, 474 (1965). 

J. L. Miller and J. F. Euclide, Paper No. 3 1 ~ ~ 6 6 - 5 0 8 ,  
:.IEEE Meeting, Orleans, JUIg 12, 1966. 
M. B. Clark and G. E. Evans, "Development of Fuel Cell 
Electrodes," Semi-Annual Report, Dec. 31, 1966, 
Contract NAS 3-9430, p. 48. 
A . M .  A d m a ,  F. T.. Bacon, and R. 0 .  H. Watson in 
"Fuel Cells," edited by W. Mitchell, Jr. (Academic 
Press, New York, 1963), pp. 129-192, especially pp. 162-5. 

0 .  Qeffcken, Z. phyrlk. Chemie 5, 257 (1904). 
M. a. R ~ a t e r  ai34 5 .  A. &X$15a13rn, 
223 (1964); Rurailrn J. Phys. Chem. 38, 120 (1964). zhur. Pic. K h i m .  38, 

- 73 - 



16. K O  E. Gubbins and R .  D. Walker, Jr., J. Electrochem. 
Soc. 112, 469 (1965). 

17. R. D. Walker, Jr., "Study of Gas S o l u b i l i t y  and 
Transport Proper t ies  i n  Fuel Cell E l e c t r o l y t e s ,  'I 

NASA Research Grant NGR lo-005-052, F l r s t  Semi- 
Annual Report, March 15, 1966, pp. 4-9. Second 
Semi-Annual Report, OCt.  7, 1966, p. 1 4 ;  Third 
Semi-Annual Report, March 29, 1967, pp. 18-25. 

19. P. Ruetschi, J. Electrochem. Soc. 1 1 4 ,  301 (1967). 

20. J. G. Tschinkel, i n t e r n a l  r e p o r t ,  P r a t t  & Whitney 
- 

A i r c r a f t  . 
21.  H. P. Meissner and A .  R.  Reti i n  "Fuel Cells," Chem. 

En& Progr. Technical Manual, 40-44 (1963); a l s o  
ASME Paper No. 63 -wA-350 (IS 63) 

22. A. R.  Re t i ,  Thesis, Massachusetts I n s t i t u t e  of 
Technology (1962). 

23. A. R. Reti and 3h. Sadek, "Use  of Flow-Through 
Electrodes i n  a High Current Density Xydrogen- 
Oxygen Fuel C e l l  Stack,"  F ina l  Report, June 12 ,  
1967, Contract NAS7-530. 

24.  0 .  Eklund, unpublished report. 

25. M. Eisenberg i n  "Fuel Cells," e d i t e d  by W. Mitchell ,  jr. 
(Academic Press , New York, 1963), pp. 17-64, e s p e c i a l l y  
PP. 47-50. 

26. P. R .  Schrantz,  "Temperature Control Of th6 Orbital 
O t o l i t h  Experiment," NASA C R - 8 1 5 ,  Sune 1967, p.  5. 

27 .  J. Th. Taylor, "Thermal Control Considerations f o r  a 
Manned Orb i t ing  Space Sta t ion , "  NASA TN D-3995, 
May 1967, P. 39. 

Convection, Conduction and Evaporation i n  Nucleate 
Boiling, NASA TN D-3943 , May 1967. 

Catalog Shebt SC 76615. 

28. R .  W. Graham and R .  C .  Hendricks, "Assessment of a 
2 9 .  Hoke Inc. ,  C r e s k i l l ,  N. 3. 

- 74 - 



30 

31 

32 

33 

34. 

35 

36 

37 

! 0 

38. 

39. 

49. 

4 1 .  

42. 

43 

44. 

45 - 

F. T. Bacon in "Hydrocarbon Fuel Cell Technology, n 
ed i t ed  by B. S. Baker (Academic press, flew York, 
1965), PP. 3-4. 

A. Eins te in ,  A m .  Phgsik 17, 549 (1905); Le, 371 (1906). 

B. Brown and J. E. Wodman, f f f l igh-Intensi ty  Ultrasonics" 
(D. Van Nostrand Company, Princeton, M. J. , 1965), 
pp. 64-69, 136-159, 210-213, and 217-220. 

- 

P. R .  Shipps, Proc .  20th Ann. Power Sources Conf. 
(PSC Publ icat ions,  P.O. Box 891, Red Bank, N. J. ,  

Th. H. Hacha e t  a l .  "Development of t he  Dual  Membrane 
Fuel Cell and t h e  Osmotic S t i l l , "  F i n a l  Report, 
Contract NAS3-2551, January 15, 1964, pp. 154-200. 

"Chemical Engineers '  Handbook," e d i t e d  by J. H. Perra 
( M c G r a w - H i l l ,  New York, 1941). 

F.  A. Holland and F. S. Chapman, "Pumping of Liquids" 
(Reinhold, New York, 1966). 

E .  C .  F i t ch ,  Jr., "Fluid Power and Control Systems" 
(McGraw-Rill, New York,  1966). 

"Lenge Is Randbook of Chemistry" (Handbook Publ ishers ,  
SPnduskg, Ohio, 1941).  

1966), pp. 86-88. 

R.  W. Gurney, "Ionic Processes i n  Solu t ion"  (McGraw- 
H i l l ,  Wew York, 19531, P .  69.  

Ref. 13, p .  156. 

H. S. Harried and B. R. Otren,"Physical Chemistry of 
E l e c t r o l j t e  S3lu t ionu"  (Reinhold, New YorE, 1950), 

M. Lev&, chem. Eng., Feb. 1957, pp. 263-8. 

pp. 269-272. 

S. S .  Zabrodsky, ''Hydrodynamics and Heat Transfer  i n  
Fluidized Beds" (M.I.T. Press,  Cambridge, Ma.ss., 196c'), 
PP. 2-3. 

"Lockheed Development of Microporous Metal Media, I' 

Jan. 1967, anonymous brochure forwerded by C .  G. 
Goetzel (Lockheed Company, Palo Alto, C a l i r o r n i . a j ,  p. 4. 
W. P.  Colman, D. Gershberg, J. D i P a l m a ,  and R .  G.  
Haldeman, Proc. 19 th  Ann. Power Sources Conf. (PSC 
Publ icat ions,  1965), pp. 14-17. 

- 75 - 



46. 

47 
48. 

49 

50 

51 

52. 

53 ' 

54. 

55 

56 

57. 

58 

59 9 

R. G. Haldemn, W. P. Colman, S. H. L a g e r ,  and 
W. A. Barber, Advances i n  C h e m i s t r y  S e r i e s ,  No. 47, 
PP. 106-115 (1965). 

S. 0 .  Paradis,  Thesis,  M.T.T. (1966). 

J. S. Newman and Ch. W. Tobias, J. Electrochem. Soc. - l o g ,  1183 (1962). 

L. G. Austin, P. Palas i ,  am8 R. R .  Kimpel, 145th Am. 
Chem. Soc. Meeting, Div. of Fuel Chemistr , Prepr in ts  
of Papers, vel. 7 ,  No.  4, pp. 48-@ (1g63f. 

I. 0. Gurevich and V. S. Bagotski i ,  i n  "Fuel Cells; 
Their Electrochemical Kine t ics"  ed i t ed  by V. S. 
Bagotski i  and Yu. B. V a s i l e v  (Consultants Bureau, 
New York, 1966), pp. 47-75. 

K.  J. Vetter, "Electrochemical K ine t i c s "  (Academl c 
Pcess, New York, 1967), p .  117. 

Ref. 13, pp. 141-144. 

R. J. Bowen, H. B. Urbach, and J. H. RBrrison, E lec t ro -  
chern. Soc.,Moeting, May 1967, Abstract  NOS. 169 and 
170, Extended Abstracts  1-6, Vol. 5, pp. 16-24. 
M. Volmer, "Kinetik d e r  Phasenbildung" (S te in ,  
Dresden, 1934). 

A. Walton, I n t .  Science & Technology, No. 60, pp. 28-39, 
Dec. 1966. 

A. E. Nielsen, "Kinetics of P rec ip i t a t ion"  (Macmillan 
Co., New York, 1964). 

James, Pond 8c Clark, Inc. ,  Pasadena, Cal i f . ,  Forms 
3S-2391R 7-65 an8 35-2421 3-65. 
Eastern  Indus t r i e s ,  Hamden, C o n .  

E. M. Cohn, personal communication. 

- 76 - 



- 77 - 



- 76- 



' f 9  - 



. .  1.. - , . . -  

. .  
I . ,  

I 



1 
1 
I 
I 

I 

I 

I 
I 
L 

I 

-. 

A 
1 

I 

f I  

4J 
m 

n 

k 
c, 
rn 
ba 
m 

c 
0 

iJ 
(d 
n 

- 81- 



To valve B 

To valve A 

To valve C 

Fig. 3 .  Saturation chamber 

To valve A 

Fig 4 .  Mul t i p 1 8  no e e l e  arrangement 
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